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FOREWORD

The Twenty—first Annual Conference on Manual Control was held at
Ohio State University, Columbus, Ohio, June 17-19, 1985. Sponsorship of
the conference by the NASA Ames Research Center was arranged by E. James
Hartzell. The conference was co-hosted by the Department of Industrial
and Systems Engineering and the Department of Psychology of Ohio State
University.

This was the twenty-first in a series of conferences dating back to
December 1964. These earlier meetings and their proceedings are listed
below:

First Annual NASA-University Conference on Manual Control, The
University of Michigan, December 1964. (Proceedings not printed)

Second Annual NASA-University Conference on Manual Control,
University of Southern California, February 28 to March 3, 1967.
(NASA-SP-128)

Third Annual NASA-University Conference on Manual Control,
University of Southern California, March 1-3, 1968. (NASA-SP-144)

Fourth Annual NASA-University Conference on Manual Control,
University of Michigan, March 21-23, 1968. (NASA-SP-192)

Fifth Annual NASA-University Conference on Manual Control,
Massachusetts Institute of Technology, March 27-29, 1969.
(NASA-SP-215)

Sixth Annual Conference on Manual Control, Wright-Patterson AFB,
Ohio, April 7-9, 1970. (AFIT/AFFDL Report, no number)

Seventh Annual Conference on Manual Control, University of Southern
California, June 2-4, 1971. (NASA-SP-281)

Eighth Annual Conference on Manual Control, University of Michigan,
May 17-19, 1972. (AFFDL-TR-72-92)

Nintbh Annual Conference on Manual Control, Massachusetts Institute
of Technology, May 23-25, 1973. (Proceedings published by MIT, no

number)

Tenth Annual Conference on Manual Control, Wright-Patterson AFB,
Ohio, April 9-11, 1974, (AFIT/AFFDL Report, no number)

Eleventh Annual Conference on Manual Control, NASA-Ames Research
Center, May 21-23, 1975. (NASA TM X-62,464)

vii



Twelfth Annual Conference on Manual Control, University of Illinois,
May 25-27, 1976 (NASA TM X-73,170)

Thirteenth Annual Conference on Manual Control, Massachusetts
Institute of Technology, June 15-17, 1977. (Proceedings published by
MIT, no number)

Fourteenth Annual Conference on Manual Control, University of
Southern California, April 25-27, 1978 (NASA CP-2060)

Fifteenth Annual Conference on Manual Control, Wright State
University, Obio, March 20~22, 1979, (AFFDL-TR-79,3134)

Sixteenth Annual Conference on Manual Control, Massachusetts
Institute of Technology, May 5-7, 1980. (Proceedings published by MIT,
no number)

Seventeenth Annual Conference on Manual Control, University of
California at Los Angeles, June 16-18, 1981. (JPL Publications 81-95)

Eighteenth Annual Conference on Manual Control, Wright-Patterson
AFB, Ohio, June 8-10, 1982. (AFWAL~TR-83-3021)

Nineteenth Annual Conference on Manual Control, Massachusetts
Institute of Technology, May 23-25, 1983. (MIT publication, no number)

Twentieth Annual Conference on Manual Control, Ames Research Center,
Moffett Field, California, June 12-14, 1984. (NASA CP-2341)
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Descriptive Linear Modeling of
Steady—State Visual Evoked Response

by

William H. Levison
BBN Laboratories Incorporated
10 Moulton St.
Cambridge, MA 02238

Andrew M. Junker
AFAMRL

Kevin Kenner
Synergy, Inc.

Proceedings of the
Twenty—First Annual Conference on Manual Control
June 17-19, 1985
Ohio State University, Columbus, Ohio

ABSTRACT

AFAMRL is currently conducting a study to explore use of the steady—state visual-
evoked electrocortical response as an indicator- of cognitive task loading. Application
of linear descriptive modeling to steady-—state visual evoked response (VER) data
obtained in the AFAMRL study is summarized in this paper. Two aspects of linear
modeling are reviewed: (1) "unwrapping” the phase—shift portien of the frequency
response, and (2) parsimonious characterization of task—loading effects in terms of
changes in model parameters. Model-based phase unwrapping appears to be most
reliable in applications —— such as manual control —— where theoretical models are
available. Linear descriptive modeling of the VER has not yet been shown to provide
consistent and readily interpretable results.

INTRODUCTION

Considerable effort has been devoted in recent years to the development of reliable
metrics for pilot workload. Such metrics could be of value in the areas of cockpit
design, pilot training, and flight operations. A measurement technique suitable for in—
flight application could potentially warn of impending performance degradation and
thereby allow timely remedial action. Assessment of workload in both simulated and
operational flight tasks would enhance the identification of workload “bottlenecks”,
provide additional data for the evaluation of the crew/system interface, and, in
general, provide information necessary for maintaining task workload within desired
limits throughout a given mission.

Various studies have been undertaken in recent years to develop reliable metrics of
pilot workload, including subjective estimates, primary and secomdary task measures,
and physiologic measures. Exploration of physiologic measures has been motivated by
the desire to obtain one or more measures that are non—interfering with the primary
mission and are not likely to be biased by the subject's preference for a given
man/machine interface or his unwillingness to admit that a particular task is difficult.
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AFAMRL is currently conducting a study to explore use of the steady-—state visual-
evoked electrocortical response as an indicator of cognitive task loading [1]. This
paper summarizes the results to date of an effort to characterize the visual evoked
response (VER) via linear descriptive modeling. Two applications of lineer modeling are
reviewed. Part 1 describes methods for "unwrapping” the phase~shift portion of the
frequency response, an issue of concern when analyzing behavioral as well as
physiological response. The central issue of this paper —— characterization of task-
loading effects in terms of changes in model parameters ~— is addressed in part IL

As of the writing of this paper, characterization of task loading effects is still in
progress. Part II of this paper is consequently written in the style of a progress
report.

PART 1. PHASE UNWRAPPING
Nature of the Problem

To obtain the plots of amplitude—ratio ('gain') and phase-shift that are commonly
used to characterize the response of linear systems, one {t{ypically employs the
following procedure:

1. Compute Fourier transforms of the "input” and "output” time histories.

2. Divide Fourier coefficients (or cross—power spectral quantities) at
frequencies of interest to obtain estimates of the frequency response as
complex numbers.

3. Perform an appropriate nonlinear transformation to express the frequency
response in terms of gain and phase-—shift.

Various averaging techniques may be performed to enhance the reliability of the
results as discussed in [2]

Procedures of this sort necessarily yield somewhat ambiguous phase—shift estimates,
because phase repeats every 360 degrees. For example, a negative real number can
be considered to have a phase shift of +180 degrees, —180 degrees, —540 degrees, etc.
Therefore, we can shift any phase estimate by an integral multiple of plus or minus
360 degrees (one 'cycle”) and not be at variance with the data. In general, the
frequency analysis scheme described so far must be accompanied by a procedure for
“unwrapping” the phase in a meaningful way. Otherwise, theé frequency shaping of the
phase response will have a sawtooth appearance, since Fourier analysis schemes can
only identify phase shift within a single cycle (typically, —180 to 180 degrees).

Techniques for Unwrapping the Phase Shift

Certain assumptions must be made in order to derive a method for unwrapping the
phase. In the case of manual control data, we usually assume that phase varies
relatively smoothly with frequency. That is, we assume that the frequencies at which
we obtain frequency-response estimates are sufficiently close together so that
successive phase estimates are unlikely to differ by more than 180 degrees. We simply
unwrap the phase by adjusting the phase at each measurement frequency by the
number of cycles required so that it does not differ from the preceding (in frequency)
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estimate by more than 180 degrees. We also assume a reference point for the phase
obtained at the lowest measurement frequency —- usually 0 or —180 degrees.

The assumption of & smoothly-varying phase response is not always justified,
however. For example, unless the {frequency-response measurements are finely
quantized in frequency space, a highly—resonant system (especially one that is
accompanied by significant pure delay) may well exhibit sharp changes in phase-shift
in the region of the resonance.

If we wish to avoid the constraint that successive phase measurements differ by less
than 180 degrees, we must assume that the phase and gain curves are related to each
other in an orderly manner, and we must have a quantitative understanding of the
analytic constraints (typically, a linear model) on the gain and phase curves. In this
case, the experimental phase-shift is unwrapped with respect to a model—generated
baseline.

Although we do not generally recommend that one "adjust the data to fit the model”,
such adjustments are entirely legitimate provided they are integral multiples of 360
degrees.

In general, the use of a model to unwrap the phase curve implies a model-matching
exercise: a single iterative procedure is employed to jointly select parameters to best
characterize the data and to unwrap the phase. Ideally, the model used for this
purpose is a "theoretical model”; i.e., one that is expected on theoretical grounds to
provide a good match to the data. Otherwise, a "descriptive” model may be employed
which, while having no theoretical justification, is of a form that generates the type of
qualitative frequency dependencies exhibited by the data.

The following procedure is suggested for unwrapping the phase via model analysis:

1. Use a theoretical model if one is available. Otherwise, select the least
complex descriptive analytic model that seems likely to provide an
acceptable match to the data.

2. For theoretical modeling, select an initial set of model parameters based on
theoretical considerations or on previous modeling results. For descriptive
modeling, important features of the frequency response may be analyzed to
provide a reasonable initial parameter selection.

3. Using the current model parameters, predict gain and phase at each
measurement frequency.

4. Readjust the experimental phase shift at each frequency, where necessary,
by an integral multiple of 360 degrees until the experimental phase estimate
is within 180 degrees of the corresponding model prediction.

5. Using an appropriate adjustment scheme and matching criteria, readjust
independent model parameters to improve the match to the data.

6. Iterate on steps 3-5 until the matching criteria are satisfied. The resulting
adjusted experimental phase curve is substituted for the sawtooth curve
originally yielded by the Fourier analysis scheme.

This procedure is based on the assumption that frequency response data are to be
matched. Other techniques for parameter adjustment might be employed if modeling is
to be applied instead to the relevant time histories.
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The validity of this procedure can be judged in a particular application in terms of
the resulting model match. If a good qualitative match is obtained to both the gain
and phase curves (note: experimental gain is not adjusted), then the resulting
adjustments to the phase curve can be accepted as valid; otherwise the phase curve
should be unwrapped using another model form.

Application of Model-Based Phase Unwrapping

Application of the model—-based technique described above is demonstrated for both
manual control and physiological response data. A theoretical model is used for the
manual control data, whereas a linear descriptive model is employed for the
physiologic data.

Manual Control Example

Figure la shows frequency-response data obtained in & recent simulation of an
F—14 performing a steady—state gunsight tracking task [3]. The data points related to
phase shift show sharp positive jumps at around 1 and 11 rad/sec because of the
—180 and +180 degree boundaries on the Fourier analyzer.

Because these data were obtained in a tracking task employing a known task
environment using linearizable vehicle dynamics, the optimal control model (0CM) for
piloted systems was used to unwrap the phase. No model-matching was employed;
rather, a single prediction of pilot response behavior was generated using pilot—
related model parameters typical of those found to match human operator behavior in
previous studies. The phase—shift curve was then used as a point—by-—point baseline
for unwrapping the experimental phase data. As shown in Figure 1b, the initial
selection of model parameters gave a qualitatively good match to the data; there was
no need to improve the model-match, via parameter adjustment, in order to
demonstrate the validity of the unwrapped phase curve.

For this particular data set, the same phase unwrapping is generated by simply
assuming that consecutive data points do not differ by more than 180 degrees.
Nevertheless, in general, the results are more compelling if they are shown to be
consistent with reasonable analytical constraints.

Application to Visual Evoked Response

At present, theoretical models of the type available for manual control do not exist
for the visual evoked electrocortical response (VER). Unlike the manual control task,
where a specific response strategy can usually be derived for accomplishing well—
defined control objectives (particularly in a laboratory setting), the VER is not known
to have a similar teleological foundation. Unless one is using the VER for biofeedback
in a control loop, it is not clear why the electrocortical potentials recorded from the
scalp should bear any particular relationship to the visual stimulus. Thus, to the
extent that we rely on model analysis to unwrap the steady-state VER phase data, we
must currently use descriptive models.

Figure 2a shows the average gain and phase data obtained from a single subject in
an ongoing AFAMRL study of steady-state VER. (The details of this experiment are
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briefly summarized later in this paper and in more detail by Junker et al [1]). The
unmodified phase curve shows upward-directed discontinuities at around 8, 15, and 20

Hz.

Because the gain curve has the general appearance of a second—order resonant
lowpass filter, a linear model of the following form was employed to unwrap the phase:

F(s)

K w

0

-sT

e

s + 20 w s + o °

where the four independent model parameters are the asymptotic low—frequency gain
K, the natural frequency  , the damping—ratio ¢, and the pure time delay T. (The
frequency variable "s” is not a model parameter.)
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Figure 2. Visual Evoked Resnonse, Example 1

An initial selection of parameters was based on the apparent resonance frequency,
the asymptotic low—frequency gain, and the difference between maximum and low-
frequency gains. In addition, the monotonic and relatively sharp negative increase in
phase shift with frequency suggested the presence of a pure delay term, which was
also included in the model. The initial estimate of the delay was chosen on the basis
of the slope of the phase curve after a preliminary unwrapping in which a 180-degree

difference limitation was imposed.

A scalar model-matching error was defined as the rms difference between model
predictions and experimental data, weighted inversely by the standard errors of the
experimental data. (The unwrapped phase estimates were used for this computation.)
Best—fitting model parameter values were identified using a quasi—Newton gradient
search scheme similar to that employed previously in manual control studies [4,5].
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Because the lowest measurement frequency was relatively large (5 Hz, compared to
0.15 rad/sec for the tracking data), we could not rely on the data of Figure 2a to
determine the asymptotic zero—frequency phase shift. It was not obvious whether the
asymptdtic frequency would be referenced to 0 degrees (implying a positive low—
frequency model gain), or —180 degrees (implying a negative gain). Accordingly, model
analysis was performed with both positive and negative gains, and results were
accepted from the model yielding the smallest matching error. (“Gain" here refers to
the scale factor parameter K, specified as a real number, not the the amplitude—ratio
portion of the frequency response, which is specified in logarithmic units.)

Analysis with the negative gain yielded a substantially lower matching error; the
resulting phase curve is shown in Figure 2b. The relatively good qualitative match to
the data suggests that the phase curve is likely to be valid, with the possible
exception of the phase at the highest measurement frequency.

Application of the same model form to another VER data set is shown in Figure 3 for
both positive model gain (Fig. 3a) and negative model gain (Fig. 3b). For this data set,
the two model—matches yielded nearly identical matching errors, but the unwrapped
phase curves differed by 360 degrees. Apparently, the -180 degree phase shift
imposed on the model predictions by the negative gain shifted the predicted phase
response sufficiently to require an extra 360 degrees of unwrapping in order to
minimize model—data differences.

Because we have no theoretical basis for determining the asymptotic low—frequency
phase shift (equivalently, the sign of the model gain parameter), and because the
qualitative matches to the data sets are equally good (though different in detail), the
two phase curves must be considered equally valid. Thus, the phase unwrapping
remains to some extent ambiguous when a second-—order resonant loss—pass filter is
adopted as the model form. Other model forms might provide unambiguous results, but
that would have to be determined from trial and error.

PART II: LINEAR MODELING OF STEADY-STATE VER

Background

Prior research has indicated that recorded scalp electrical potentials respond, to
some extent, in a manner linearly related to the visual stimulus. There is, in addition,
a strong nonlinear component of the response, plus a substantial amount of unrelated
ongoing electrical activity that is present. Under proper stimulus conditions, the
linear component of the response is large enough to allow its estimation with
reasonable statistical confidence. Thus, this electrophysiological system lends itself to
the analytical techniques employed in pilot/vehicle analysis —- i.e., to the
measurement of describing function and remnant —— as has been demonstrated above
in Part I. The focus of the ongoing research, to which this paper is addressed, is to
determine whether such measures are sensitive to workload and other forms of stress.

As noted earlier, we cannot define a ''purpose” .for the visual evoked response, in
the sense that we can for control response in & well-defined tracking task. Not only
do we lack a theoretical model for what the evoked response ought to be, there is no
obvious functional relation between the response (electrical potentials measured at the
scalp) and the demands of the "task” (which may be no more specific than to attend
to or fixate on the stimulus). Therefore, our basis for interpreting visually evoked
response is not as solid as our basis for interpreting manual control response, and

intra— and inter—subject variability tends to be substantially greater than with
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manual control response behavior. The averaging technique described elsewhere in
these Proceedings by Levison [2] were developed largely to deal with this variability.

A number of research efforts have focused on obtaining a frequency-response
description of the VER [6-9]. In what is perhaps the most comprehensive effort to
date, Spekreijse [9] measured the VER using inputs consisting of single sinusoids (as
opposed to a sum—of-—sinusoids), or single sinusoids plus Gaussian noise. His work
focused a great deal on characterizing the nonlinear aspects of the response. On the
basis of numerous sub-experiments, Spekreijse concluded that nonlinear response
components in the VER were due largely to memoryless rectification and saturation
nonlinearities and that these nonlinearities were located prior to the ‘'cortical
selective process” If this model is correct, then nonlinear VER components are not
influenced by the operator’'s cognitive state, and we are justified in characterizing
task—related VER changes in terms of quasi-linear model parameters even though the
VER may contain significant nonlinear response components.
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More recently, Junker and Peio [10] obtained steady-state evoked responses to
sum—of-sinusoids visual stimuli. They found that, although the nature of the
frequency response varied from subject—to-subject, it appeared to be relatively stable
for a given subject across replications, and to be influenced by the task environment.
Preliminary analysis of their data revealed that, for at least some of the data sets,
the frequency response could be reasonably well characterized by a second-order
linear descriptive model.

Experiments

Details of the VER experiment are provided in a companion by Junker et. al. [1]. A
brief overview 1s given here.

Electrocortical response was recorded from subjects exposed to spatially uniform
light stimulus modulated by a complex sum of sinusoids. Ten sinusoidal components of
uniform amplitude and random phasing were used, with component frequencies ranging
from 6.25 to 21.75 Hz.

Three task loading conditions, provided in a balanced order, were explored: (a) no
explicit task, other than attending to the flashing lights, (b) a first—order manual
tracking task, and (c) a grammatical reasoning task. Analysis techniques similar to
those applied extensively to manual control analysis were employed here to obtain the
frequency response characteristics of the VER. Response metrics consisted of
amplitude ratio (“gain”) and phase shift, measured at stimulus frequencies, and
"remnant” (response components at other than input frequencies) averaged over 1-Hz
"windows” centered about each input frequency. Only the gain and phase data are
considered here.

Data from seven subjects were considered statistically reliable and were made
available for model analysis. Each VER frequency response considered in this paper
represents the average of from six to eight 40-second segments of electrocortical
recordings. Averaging was performed as described by Levison [2].

Model Analysis

Model analysis was performed as described in Part I. The objectives of this analysis
were to unwrap the phase to aid in overall interpretation of the frequency response,
and to determine whether or not the independent model parameters would provide a
parsimonious and consistent characterization of task-loading effects.

As noted above, preliminary results led us to believe that a lowpass filter of the
type defined in Equation 1 would characterize the steady—state visual evoked response
at least for a portion of the subject population. Data from all seven subjects were
initially modeled in this manner. Positive and negative gains were tested, and
whichever sign yielded the smallest matching error was included in the
parameterization for a given data set.

Application of the second—order model did not yield consistently useful results,
either for phase unwrapping or for interpretation of the evoked response. The
resonant lowpass filter provided a good qualitative match to only a portion of the data
sets; for data where the match was not qualitatively acceptable, the validity of the
resulting phase curve had to be questioned.
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The best—fitting model parameters did not reveal a consistent trend with task
loading, and they tended to vary over wide ranges from one data set to the next.
Nearly as many data sets were best matched with a positive model gain parameter as
with a negative gain. This result implies that the polarity of the recording electrodes
was changed from one condition to the next —- a notion at variance with the
experimental procedures followed in this study.

Even where a good qualitative match was obtained, the resulting model parameters
were often inconsistent with the assumption of a stable linear system. For example,
the model fits shown in Figures 3a and 3b were obtained with negative damping ratios
—— a characteristic of a system whose oscillatory response grows exponentially with
time. Such a result is inconsistent with elecirocortical responses obtained with
transient stimuli. When subsequent model analysis was performed with the constraint
that the damping-ratio and natural-frequency parameters remain positive,
substantially greater matching errors were obtained in most cases.

Inspection of the data (specifically, the gain curves) suggested that other model
forms would more closely resemble the frequency dependency of the data. Figure 4
shows an example of a data set matched with the following fourth—order bandpass
filter:

2 2 -sT
S Wo e

s?+ 2¢ wls+m12 sz+2C 0o S+u)22

This model also has four independent parameters: gain, two natural frequencies, and
delay. (The damping ratios were fixed at 0.707.)

By constraining the two frequency parameters to be positive, we were able to
characterize the data with a stable linear system. Analysis with this model form was
not conducted on a large scale, however, because of the sensitivity of the results to
the initial parameter selection —— a situation not uncommon when employing gradient
search schemes.

The difficulty of obtaining a consistent model-based characterization of the steady-
state VER is indicated by inspection of the gain curves shown for two test subjects in
Figure 5. TFor the baseline (no-task) condition, the data for Subject 2 (Fig. 5a)
resemble the frequency response of a resonant lowpass filter, whereas the data for
Subject 3 (Fig. 5d) resemble an inverted "v” and are perhaps modeled by a tuned
bandpass filter. (The data shown in Figure 5a were used for the demonstration of

phase unwrapping in Figure 2.)

The curves for the tracking condition (Figures 5b and d) show no consistent effects
of task loading: the data from Subject 2 reveal regions of diminished response,
whereas the data from Subject 3 show less of a qualitative change from the baseline.
For the grammatical reasoning condition, however, both subjects showed gain response
curves that appeared to vary less with frequency than the baseline.
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The trends revealed in Figure 5 suggested the hypothesis that the gain response is
“flatter” for the reasoning task than for the baseline condition. Accordingly, data
from the first three test subjects providing complete data sets (Subjects 2,3, and 5)
were modeled with a simple gain/delay model of the form:
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where K and T are the '"gain” and delay parameters, respectively. The reasoning
behind this test was that, if the flat-response hypothesis were true, this model form
would yield lowest matching errors for the grammatical reasoning condition.

Figure 6 (bottom graph) shows that, for the three subjects tested (time did not
permit testing of the entire data base), the gain/delay model yielded the lowest
matching error for the reasoning task, thereby providing some quantitative support for
the qualitative trend suggested above. Testing of the remaining data is required to
explore the generality of the hypothesis. Visual inspection of the frequency response
yielded by the other subjects (not shown here) suggests that this trend will not hold
for the entire subject population.

The top two graphs of Figure 6 show that task loading conditions did not have a
consistent effect on the gain and delay parameters across the three subjects. This
simple model form, then, appears to be of use only for testing some very general data
trends —— not for paramaterizing the VER in a meaningful way.

DISCUSSION

The use of a model to unwrap the phase—shift response is not uncommon, but it is
usually informal and implicit. Typically, the individual performing the analysis has an
expectation of what the frequency dependency should be, based on previous
experience with similar systems, and unwraps the data according to a qualitative
"mental model”. What we have done here is to suggest that the procedure be made
more explicit with the use of a specific mathematical model, with a combined procedure
of phase unwrapping and parameter adjustment if need be. Provided a suitable model
structure is available, with a solid basis for initial parameter selection, such a
procedure provides a means for automated phase unwrapping.

Although preliminary results encouraged the application of linear descriptive models
of the VER, modeling of this form has not been demonstrated so far to be a reliable
method for characterizing task loading effects. Although model forms can be found to
provide a reasonable qualitative match to the data, the appropriate model form
appears to vary across subjects and sometimes across tasks, parameter variations do
not follow a clear trend, and model parameter values are not always consistent with a
stable response mechanism.

It is tempting to conclude that the relative lack of modeling success (in terms of
our stated goals) is due, in part, to the fact that we are attempting to model a
nonlinear response mechanism with a linear model. We do not think this is a major
factor. However nonlinear the VER might be, it does contain & measurable and
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generally statistically reliable linear response component. If task loading were to
change the response behavior in a consistent manner, we would expect the linear
response component to change in a consistent manner.

It is possible that we have not explored the appropriate model forms. To the extent
that model analysis is pursued during the remainder of this study, model forms that
have a structure based more on theoretical considerations [11,12,13] will be explored.
Another avenue to be explored is the effect of task loading on the variability of the
VER, rather than the mean [14].

A more likely source of the difficulty is that there is no '"reason” for the
electrocortical potentials to exhibit a particular pattern, in terms of what the subject
is trying to accomplish. To create a situation closer to that of manual control tasks,
where generation of a particular response behavior can aid the achievement of task-
related goals imposed upon the test subject, it is anticipated that the AFAMRL study
will explore the use of the evoked response in a continuous control task employing
biofeedback. A task environment of this sort is expected to reduce the variability of
the VER and make it more sensitive to task loading. The use of the VER as an
"unobtrusive” measure of task loading may be compromised, however, as the VER will
now be a component of a secondary task competing for attention with the primary
cognitive (or psychomotor) task.

Inspection of the available data base suggests that there may be important inter—
subject differences in terms of the linear response behavior. Thus, while not yielding
a consistent index of task loading, linear analysis may prove viable as a means for
characterizing subject differences. It remains to be established whether such
differences, if found to be statistically significant, relate in a consistent manner to
behavioral aspects of interest, and not simply to physical characteristics such as
differences in the shape of the skull.

Finally, we note that the "remnant” (background eeg) remains to be analyzed.
Although the effects of task loading and individual differences appear to be smaller for
the remnant than for the main curve, it is possible that remnant changes are
statistically more significant.
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To better describe the linear-dynamic properties of the human
visual-cortical response system, transient and steady state
Visual Evoked Response Potentials (VERP) were observed. The
stimulus presentation device provided both the evoking stimulus
(flickering or pulsing lights) and a video task display. The
steady state stimulus was modulated by a complex, ten frequency,
sum-of-sines, wave. The transient VERP was the time-locked
average of the EEG to a series of narrow light pulses (pulse
width of 10 msec). The Fourier transform of the averaged pulses
had properties that approximate band limited white noise, i.e. a
flat spectrum over the frequency region spanned by the 10 summed
sines. The Fourier transform of both the steady state and the
transient evoked potentials resulted in transfer functions that
are equivalent and therefore comparable. To investigate the
effects of task loading on evoked potentials, a grammatical
reasoning task was provided. Results support the relevancy of
continued application of a systems engineering approach for
describing neurosensory functioning.

INTRODUCTION

A new methodology for analyzing and interpreting the
dynamics of the brain's response system based upon sum of sines
(S0S) stimulation and systems engineering analysis has been
developed (Junker and Peio, 1984). This technology requires that
the system being studied possess a significant degree of
linearity for the measure to be of descriptive value. The
qguestion of linearity is considered in this paper by comparing
systemic responses to two types of stimulation.

One of the greatest challenges in examining the brain's
electrical potentials is the low signal to noise ratio. Evoked
responses are so small in comparison to the background electrical
activity of the brain that a method for enhancing the signal to
noise ratio must be decided upon. There are two well developed
techniques for accomplishing this. Steady state evoked response
potentials (SSERP) are based on the frequency following
phenomenon in the human response system. Using a repeating
stimulus successive ERP's are elicited. It has been shown that
the elicited response contains the repeating frequency of the
stimulus. The brain does not have a chance to regain its
resting, undisturbed state (Regan, 1973, 1975, 1979). With the
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aid of the Fast Fourier Transform (FFT) it can be demonstrated
that the ERP is at exactly the same frequency as the stimulus.
The other method, transient ERP, is based on " hitting" the
system, with a pulse or a click, and then measuring the
electrical potential. Each response to the pulse is considered a
transient response. The amplitude of the transient response can
be measured and then a series of responses can be averaged
together. This is a time-locked average, that assumes the
response always occurs at the same time relative to stimulus
onset.

In the field of automatic control systems technology, an
input/output relationship for the linear portion of a nonlinear
system is defined as a describing function (Kochenburger, 1950).
Manipulations of the FFT's of the response potential (output) and
evoking stimulus (input) vyield a describing function that is a
complex measure of the output/input relationship of this sensory-
response system (for a detailed description of guidlines for
analysis of frequency response data see Levison, 1983). Prior to
the development of the ten sine wave stimulation technique
(Junker and Peio, 1984) most measurements were made with single
sine waves, or at most three sine waves simultaneously (Regan,
1973, Wilson, 19792 and Wilson and O'Donnell, 1981). Construction
of comprehensive describing functions were not often undertaken,
and there 1is no data available from researchers showing task
loading effects across a broad range of frequencies. Perhaps for
this reason no one has taken on the task, until this time, of
exploring the actual relationship between steady state and
transient VER potentials. Regan (1979) stated that, "For a
linear system the transient response has a fixed relationship to
the steady-state response. Consequently, transient and steady
state descriptions of a linear system's behavior are equivalent
and can be regarded as alternative formulations of the same
data...therefore, transient and steady- state stimulation can
produce responses that provide complimentary information about
the sensory system under test." Using our existing stimulus
apparatus and computer generating capability, we incorporated
into the system the ability to: accurately generate a narrow
pulse stimulus, collect and time-lock average the data, FFT the
results and compute describing functions from the transforms,
These describing functions were used for comparison with steady
state describing functions. This analysis has been applied to
ERP's in taskloading (workload) and non-taskloading conditions.
The task used was grammatical reasoning. This task was selected
because it is highly engaging and it only requires a minimal of
motor response. An explanation of the stimulation device, EEG
data collection, and sum of sines methodology is presented in
this paper. In addition the cognitive loading task, the
transient stimulation methodology, the transient results, and
comparisons between transient and steady state describing
functons are given.
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METHODS
Apparatus

The test chamber simultaneously delivers the evoking
stimulus (flickering lights) and a video task display (Figure 1).
This presentation was achieved by combining the two images via an
18 ¢m x 26 cm half-silvered mirror at 45 degrees to the two
images. The evoking stimulus was produced by two 26 cm
xenon/fluorescent light tubes hung horizontally 5 cm apart and
mounted 4 cm behind a 25 cm x 27 ¢cm transluscent, diffusing
screen; which distributed the light, as evenly as possible, over
the visual field. The average intensity of the lights were 40
FL, as measured, by a United Detector,model PIN 10D, high speed
photo cell, placed at the subject's viewing point. This average
intensity was sufficiently low such that a subject could still
comfortably discern the video task-display within the same visual
field. The video task was displayed on an Audiometrix 11 in x 11
in video monitor.

Beckman silver/silver chloride electrodes were used with the
Grass model P511 AC amplifiers, with amplification x50,000 and
bandpass of 0.1 to 300 Hz, to record the EEG. The sum-of-sines
(S0S) wave and transient pulse were generated, and data
collected, on a Digital Equipment Corp.(DEC) PDP 11/60 computer.
Signals from the 11/60 were low pass filtered on a Krohn-Hite
model 3750 filter {cut off at 40 hz) and then fed into a
Scientific Prototype, model GB, tachistiscope/light driver, which
was modified so that average intensity and depth of modulation
could be adjusted. The grammatical reasoning task was generated
by a Commodore model VIC computer. = The software and the
response-box hardware, for this task, were developed by Systems
Research Laboratories Inc. The two channels of data {photo cell
and EEG) were fed through General Radio low pass filters (cut off
at 25 Hz) to prevent high frequency aliasing. The filtered
signals were then digitized and stored for analysis on the PDP
11/60. The collected data was fast fourier transformed, ensemble
averaged and plotted using a DEC PDP 11/34 computer and a
Printronix model P300 printer.

Stimulus

To better elucidate the linear properties of the visual-
cortical response system the experiment was designed to collect
describing function measures with different forms of inputs. The
modulated light served as the driving stimulus. For steady state
stimulation the lights were modulated using a complex SOS wave
composed of 10 harmonically non-related frequencies., All 10 of
the frequencies were multiples of the fundamental frequency of
0.0244 hz. The component frequencies range from approximately
6.25 to 21.75 Hz, with intermediate frequencies at 7.75, 9.50,
11.50, 13.25, 14.75, 16.50, 18.25, and 20.25 Hz. None of these
component frequencies contained a sum or difference of any of the
other component frequencies; this restriction on sine wave
selection was implemented to avoid the possible corruptions at
the selected frequencies by nonlinearities of the flickering
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light generator and possible nonlinear evoked potential
responses. Appropriate input selection insured that nonlinear
harmonic effects would not occur at the component frequencies.

For every data collecting trial the starting phase values
for each of the 10 component sine waves were randomized with a
uniform random number generator, insuring that the time seguence
of flickering light presentation was random from trial to trial.
By utilizing randomized phase with the summing of the 10
sinusoids a maximum depth of modulation of 13%, per sinusoid was
possible, The lights were sinusoidally modulated about an
average luminance of 40 ft-lamberts. Previous work (Junker and
Peio, 1984) had shown 6.5%2 to be sufficient for obtaining VER's.
Regan and Beverley (1973) in looking at the effects of the
percent depth of modulation on the VER demonstrated a straight
line relationship between VER volts and percent depth of
modulation over & limited range: (10% to 30%) of modulation. Over
30% a saturation-like effect occurred indicating nonlinear
behavior in the VER data. Thus our stimulus depth of modulation
minimized nonlinear overdriving while still assuring an adequate
VER.

For comparison purposes we created our transient stimulus to
have power spectral properties similar to the spectral properties
of the sum of sines stimulus. The sum of sines consisted of 10
sine waves ranging from 6.25 to 21.75 Hz, with equal power for
each of the component sinusoids. The power spectrum of the
transient pulse was adjusted to have a flat spectrum over the
same freguency range. The transient stimulus was a narrow (.01
sec duration) computer generated pulse driven through the low
pass filter and fed into our light driving circuit. Interstimulus
time was varied between 1.28 and 1.38 sec, the variability (0 to
0.1 sec) was generated with a uniform random number generator for
each stimulation segment. One run, or trial, consisted of 40
stimulus segments.

Task

The task loading condition used was the grammatical
reasoning task from the Criterion Task Set (Shingledecker, et.
al., 1983). This task 1is based on the original grammatical
reasoning task developed by Baddeley (1968). The task 1is
designed to impose variable processing demands on resources used
for the manipulation of grammatical information. Stimulus items
are two sentences of varying syntactic structure accompanied by
sets of three symbols. The sentences must be analyzed to
determine whether they correctly describe the ordering of the
characters in the symbol set. This version used two sentence
items worded either actively/negatively or passively/positively
and described three symbols. This was considered the high demand
level. The object for the subject was to determine whether both
sentences match in their correctness. If both sentences
correctly described the ordering of the three symbols, or if
neither correctly described the symbols, the appropriate response
was positive. If one sentence was correct but the other was not
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the appropriate response was negative. There was a 7.5 sec time
limit for responding. Binary responses were entered manually on
two labeled keys, of a four button keypad, placed on the right
arm of the subject's chair.

Procedure

Subjects were seated in a darkened IAC chamber facing a l5 cn
x 15 cm window. Behind the window was the stimulus presentation
device. For the lights only condition the subjects were
instructed to "relax and fixate on a small scuare at the center
of the display", for the cognitive loading condition the subjects
vere instructed to concentrate on the task. Each trial lasted 82
sec. and after every three trials the experimenter entered the
booth to incquire about the status of the subject (alertness,
fatigue etc); every sixth trial the subjects were given a 3-6
min. break. Sessions were either 12 or 18 trials long.
Subjects were advised that the session could be terminated at any
time upon their request.

Transient data was collected from subjects at the end of
the same sessions in which steady state data was collected. DPata
was collected for four trials of lights only (no task load) and
then for four trials in which subjects performed the grammatical
reasoning task (task loading).

Analysis

Manipulations of the fast fourier transforms of the photo
cell signal (input) and the evoked response potential signal
(output) yields a describing function which is a complex measure
of the output-input relationship of this system. The focus of
this project was on the amplitude ratio and the phase angle
measures obtained from these computations.

For S0S stimulation we were interested in estimates of mean
values for the gain and phase computations across replications.
For indication of mean variability we calculated the standard
error by computing the standard deviation across replications and
dividing by the square root of the number of replications. If
the data had been normally distributed these computations would
have, in fact, been a measure of standard error.

For transient stimulation collected data was analyzed with
a DEC 11/34 computer. Time lock averaging of each of the 40
segments for each trial was done first, then averaging across
trials for each condition (4 trials per condition) was performed.
Time responses were plotted for 1lights only and
task loading conditions. In addition, time responses were Fast
Fourier Transformed and describing function gain and phase values
were computed. The describing functions were plotted, for
comparison, with sum of sines generated describing functions.

Recording
Recording was done with Beckman silver/silver chloride
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electrodes at Oz, with linked mastoids as ground and reference
according to the 10-20 International System. The resistance
between the electrodes was less than 5 K ohms.

RESULTS and DISCUSSION

Time locked average responses to the pulse stimulus, for
both lights only and task loading are presented in Fig 2 for four
subjects., Strong effects from task loading, namely overall
decreases in response peaks are present for subjects 02, 03, and
05. An opposite trend, a slight increase in response peaks with
task loading, can be seen for subject 15. Typically time locked
averaged data, such as this, is analyzed using component analysis
techniques or principal factor analysis (Regan 1973, John et.al.
1973). It is possible to take this data a step further, into the
freguency domain, by computing decribing functions as was done
for steady state ERP data.

Corresponding describing function results are given in Fig 3.
An important relationship to observe is the mapping between
transient time average changes, related to task loading effects
(from Fig 2) and corresponding describing function changes, in
the frequency domain (Fig 3}). Subjects 02, 03, and 05, who
exhibited amplitude decrements in their average time responses
with task loading, showed a concomitant decrease in describing
function gain curves. It is interesting to note where the
greatest gain changes occured. For subjects 02 and 05 these
changes were in the lower frecuency range {(centered about the
alpha freguency band, 10 Hz), while for subject 03 a reduction in
gain, with task loading, occured within a higher. frequency range
(the beta band, 16 Hz). 1In contrast the gain curve for subject
15 showed an increase, with task loading, above and below 10 Hz
with a noticable decrease at 10 Hz, corresponding to time
averaged amplitude increases.

Results of task loading effects for the same four subjects,
but with SOS stimulation, are shown in figure 4. Data plotted
here represents the averages from six 40-second replications for
each condition for each subject. Standard error about the mean
is represented by the vertical lines at each data point on the
plots. Referring to fig 4, properties of these curves to observe
are the unigueness or 'signature' of the pair of describing
functions for each subject. For initial analysis applied to
task-loading vs. no task-lcad conditions we have found the
effects of task-load to be related to this signature. Subject 05
exhibits a large resonant peak at 10 Hz (alpha band), which
decreases during task loading. There is a commensurate decrease
in steepness of the phase curve about 10 Hz, indicating a
reduction in resonance. This resonance reduction can be
considered, in systems engineering terms, an increase in the
damping coefficient of the dynamic system. Subject 02 also
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exhibits alpha band resonance properties. Unlike subject 05,
however, there is an increase in gain at the higher freguency
region (in the 14 Hz, beta band) with task-loading. Subject 03
shows beta band resonance and with task-loading exhibits a gain
reduction in the resonance region, similar to subject 05, but in
the beta band. Only minor effects from task loading were
exhibited by subject 15, in terms of a slight increase in higher
frequency sensitivity. Thus it seems that subjects that are
alpha responders (subjects that show an alpha-band resonance,
e.g. sub 05) show an alpha decrement. Monalpha responders
{those that lack the alpha resonance peak e.qg., sub 15) tend not
to show this alpha-band decrement with task loading.

Figure 5 shows, combined on each of the four plots, task
and no task results for both transient stimulation and steady
state stimulation. The thicker solid lines and the thicker
dashed lines are the describing functions resulting from
transient time averages (repeated from Fig 3). The circles and
triangles represent the describing function values at each of
the ten component frequencies from the S80S stimulation (from
figure 4).

The correspondance between steady state and transient
describing function curves is noteworthy. Describing functions
for subject 05 show corresponding regions of peak gain
sensitivity for transient and steady state stimulation and show
similar gain reduction with task loading. Subject 03 shows
similar changes across stimuli in the beta range of the gain
curve., Thus for both subjects the effects due to task loading,
as indicated by describing function changes, are much the same
across stimulus conditions. Furthermore the phase curves have a
similar shape, across stimuli and across task conditions for all
subjects. The overall correspondance between describing function
data for transient and steady state stimulation is remarkable for
all four subjects.

One condition that seems to be significant, but the effect
of which is not yet accounted for, is arousal level. This is
suggested by the responses of subject 02. For the transient
stimulus, time responses show a marked change between no load and
task loading (fig 2) with a correspondingly significant change in
the frequency domain in the alpha region (fig. 3). From this
data we would conclude that with transient stimulation subject 02
is a strong alpha producer. Past results indicate that this
subject is a strong alpha producer with steady state stimulation
as well (see data for subject "RP" in Junker and Peio, 1984),.
Referring to fig. 5 for subject 02, however, this is not
indicated by the steady state gain curves. In fact little change
occurred in the alpha band with task loading. There was however
an increase in steady state ERP gain sensitivity within the beta
band. This subject's steady state ERP data with no task loading
does not show the usual alpha band ‘resonance (high gain) and has
measures with large variability (indicated by standard error)
which may be an indication of lowered level of arousal; i.e. high
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variability may be an indicator of lowered arousal. Further,
given a condition of lowered arousal, it could be argued that
task loading was sufficiently engaging to increase the subjects
attention level to the task, as indicated by gain increase in the
beta region. These hypotheses suggest that general arousal level
and/or attention to a specific task may be observed seperately
in ERP describing functions.

From working with both transient and steady state ERP's we
have found it cuite useful to use both stimulation technicues.
As hyvpothesized by Regan, results do in fact compliment one
another. Describing functions obtained by transient stimulation
span a wide frequency range {(0-50 Hz in this study). Thus they
provide overall spectral response for modeling and provide clues
to phase unwrapping beginning at 0 IIz. In contrast steady state
stimulation provides the ability to concentrate stimulus at
selected fregquencies. As a result steady state stimulation
yields ERP measures and background EEG simultaneously.

The most important point of our results, at this time, is
the fact that the forms of the describing functions are
remarkably similar across stimuli. From this we conclude that we
are justified in continuing with the application of ‘a systems
engineering perspective in describing neurosensory functioning.
In fact, due to observed subject differences, a systems
engineering model structure may be the only way to capture the
individual differences in a useful and guantitative manner.

e believe the next step in applying our systems engineering
methodology will be "closing the loop". By allowing the human
operator VERP feedback, issues of attention and arousal could be
controlled., This system, without feedback, has no 'reason' to
respond. Through the use of feedback displays the full power of
systems engineering analysis could be applied to these human
response mechanisms.
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DIFFUSING
SREEN W T
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Figure 1. Experimental Setup
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Modified Petri Net Model Sensitivity to Workload l‘1am'pulationsl
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Introduction

The purposs of this ressarch is to investigate modified Petri nets (MPNs) s a8 workload
modeling tool. This paper describes the results of an exploratory study of the sensitivity of
MPRNs to worklosd manipulations in a dual task.

Petri nets have been used to represent systems with asynchronous, concurrent and parallel
ectivities (Peterson, 1981). These characteristics led some researchers to suggest the use of
Petri nets in workload modeling where concurrent and psrallel activities are common. Petri
nets are represented by places and trensitions. In the workload application, places represent
operator activities and transitions represent events. MPNs have been used to formally
represent task events and activities of a humen operator in 8 man-machine system. For
exemple, Madni, Chu, Purcell end Brenner ( 1983) used MPNs to model the tasks underlying the
identification and reaction to a Tube oil lesk in a ship propulsion system. Madni and Lyman
(1983) used a8 MPN to mode the checkout and start-up procedure for 8 Cessna 182 light
sircraft. White, MacKinnon and Lyman ( 1984) formulated 8 MPN for POPCORN, a complex
computer simulation st NASA-Ames for worklosd research. These descriptive applications
demonstrate the usefulness of MPNs in the formal representation of systems. It is our general

hypothesis thet in sddition to descriptive spplications MPNs may be useful for workioad
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estimation end prediction.

This paper reports the resulis of the first of & series of experiments designed to davelop
and test a MPN system of workload estimation and prediction. This first experiment isa
scresning test of MPN made! general sensitivity to changes in workiosd Positive resulls from
this experiment will justify the more complicated analyses end {echniques necessery for
developing & workloed prediction system.

Our anslytical work with MPNs has exposed three critical issues thet are relevant for
work load epplications of MPNs, viz., task complexity, level of task representation detsil, and
sctivity and event classifications.

MPNs differ according {o task complexity such es a reletively linear tssk such as
identifying an oil lesk and taking appropriate action in comparison to a circular task with many
goals and repetitions such as the POPCORN simulstion. In POPCORN, An large number of trade
offs between offensive and defensive strategies are possible throughout the course of one
experimental trial. The critical areas for worklosd estimation often involve circuler type tesks
such a3 the activilies of a aircraft or sutomobile operator. The experimental task to be
described below is complex and circular in nature, but is programmed so that the necessary
information for MPN development can be obtained.

Level of task representation refers to the level of detail of the task that is being modeled.
For example, using Madni and Lyman's ( 1983) task, the stert-up end checkout procedures for
the Cessna plane can be simply modeled as follows: enter the plane, ster{ the engine end then
teke off, ( & two activity and three transition MPN). Allernatively esch muscle movement of the
pilot in each activity leading to take off could be modeled (8 very large MPN). The lavel of task
representation issue is important because on the one hand & detailed map of the task is required
to obtain adequate sensitivity o workloed changes. On the other hand, there are Hmitations on
the mesasurement {echniques that can sccurately partition task components for a MPN model with
the necessary level of datail. For example, with the current level of technology it is nol possible
to know precisety when shifts of attention occur between task elements. The MPN derived from
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the task we have devised represents a compromise on the level of detail issue. it is intended to be
8 task designed o elicit most of the information needed for anatysis in MPN terms. Additional
information can be obtained via control experiments designed to measure specific mentsal
processes that cannot be measured with the experimental task slone.

Activity end event classification schemes refer to the classificstion of events end activities
in terms of general workload categories. If activilies and events can be categorized in terms of
workload then it is not necessary to estimate the workload contribution of esch individual event
end activity. The classification analysis is an area of edvanced work and will be conducted in the
next stage of this research.

HMethod

Subjects: Eleven UCLA undergraduste volunteers served as subjects. Each subject
perticipated in a two hour experimental session.

Materials: The entire experimental procedure wes conducted on & Televideo 803 computer
with a mouse controller.

Procedure; A dual task similsr to Derrick and McCloy's ( 1984) composed of a tracking
task and a vowel insertion {ask wes devised. The tracking lask was a standsrd compensatory
tracking task with a cursor moving along the horizontal axis driven by a random forcing
function. The subject wes instructed to try to keep the cursor near the center of the line with a
mouse controller. Easy and herd levels of difficulty were introduced by changing the forcing
function parameters. A vowel insertion task was incorporated into the tracking task by using
the cursor itself as the stimulus letter. It was presented as a consonant that was replaced
randomly st intervals of three to seven seconds. The subjects were instructed to mentally insert
the letter "A" betwesn the consonant that was currently displeyed and the previous one. This
consonant - vowel~consonant combination might or might not form en English word. The task of
the subject wes to indicate whether it was a word or not by means of switches located as part of
the mouse controller. The cognitive load of the vowel insertion task was manipulated by
increasing the number of vowels that the subject must sequentially insert. For example, with
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three vowels to insert ("A~, “E", & “I”) the subject was required to make three lexicsl
decisions and therefore thres key press responses. On a comparstive bssis, one vowel
represented a low cognitive load end three vowels represenied a high cognitive load.

The one versus thres vowels, and hard versus easy tracking tasks were crossed to form
four conditions. Thus each subject conducted two four-minute trials in all four conditions, viz.,
high cognitive load---1low tracking load, high cognitive load--~high tracking losd, low cognitive
load-low tracking load end low cognitive load---high tracking load. The order of the conditions
was counterbalanced snd esch subject was given two minutes of practice in each condition.

Subjects performed the task individusily end with the CRT screen st eye level, They were
instructed to kesp tha cursor at the center of the horizontal ber using the mouse controller.
They were told to press one switch on the mouse when the consonant-vowel-consonant (CVC)
was an English word and press another switch on the mouse if the CVC was not a word. After each
condition the subject rated her/his level of workload on ten scales of workload level and task
difficulty that are in use for the POPCORN task at NASA-Ames, with the exception that the
skill-, rule~, and knowledge- based scale was replaced by an scale on sutomaticity.

Two control conditions were conducted to obtain messurements for certain parameters of
the MPN. The control conditions were used to estimate the length of time necessary for certain
mentsl process which cannot be derived by the data svailable from the experimental conditions.
The first experiment obtained a simple reaction time to the change of consonants that are used
in the vowel insertion task. This task generated an estimate of the initial start-up end response
gctivities involved in the vowel insertion task. The second control task combined the tracking
task and a two choice reaction time. The cursor was displayed ss the letter “T" end was replaced
by en "X or and "0" every three to five seconds. Each "X" or "0" wes displayed for one half
second. The subject depressed one key if it was and "0" and another key if it was en “X". This
procedure provided an estimate of letier identification time snd the decision processes involved
in selecting the eppropriste key to press. The subjects performed each control condition with
both levels of tracking difficulty. The control conditions were randomly mixed with he
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experimental conditions.

Each subject genarsted an individual difference bies rating for the bipoler reting scales.
The procedure was the same one as used at NASA-Ames in which subjects reted which of two
scales is more imporisnt. Each possible comparison of the ten scales was rated. Becsuse the
subjective rating scales differ in importance and mesning for each subject, the individusl bies
information was considered imporiant for accurate workload estimation. This information can
be used to weight the ratings. However, only the unweighted reting scores were used in the
analyses repor-ted below.

Modified Peiri Net of the Dual Tgsk: The MPN for the experimental task is displayed in
Figure 1. Figure 1& displays the net for the entire task. Figures 1b, 1c end 1d display the
subnets for tracking snd vowel insertion. Table 1 presents the sctivities end events for each

experimental task.

Results and Discussion

The preliminary snalyses were conducted lo verify that the experimentsl manipulations
were effective in changing workload. A 2 (high versus low cognitive load) by 2 (hard versus
easy trecking) analysis of variance was conduced on each of the ten ratings, the residual mean
square error (RMS) measure end the percent correct on the lexical decision measure.

The anova on the RMS error of the trecking showed & significant main effect for the
tracking condition (F=95.18, p<.001) and vowel insertion condition (F=8.16, p<.05), with the
hard levels of difficulty having the greater RMS error. The anova on the Percent Correct of the
vowel insertion showed a significant main effect for the vowel insertion condition (F=27.40,
p<.001). However, the hard level of vows! insertion demonstrated the better performsnce. This
cen be explained by the fact that the second end third letters for the vowel insertion ( “E* and
"I") crested much fewer english words compsred to inserting the letter "A". Thus, the subjects
may have been biased into responding NO for most of the second and third vowel insertions end
this stretegy paid off. A more sppropriste comparison , then, would be lo compare the percent
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correct of the first vowel insertion of the hard level (the letter "A") and the percent correct of
the easy lavel (the letter "A"). This enalysis showed no main effects.

Teble 2 shows the F values of the anovas conducted on the unweighted workload rating
scales. Two of the ten scales showed a8 main effect for the tracking condition, while 8 of the ten
showed main effects for the vowel insertion condition. These resuits indicate thet the
experimental conditions did indeed manipulate workload.

Anoves were also conducted the output of the MPN simulations of the experimental trials.
The data derived was the number of times each transition fired, the total amount of {ime each
place was activated, snd the number of times each place was activated

Becauss the ectivities represented by places 6, 7, 8, & 9 were not directly observeble, the
estimation of these activity times involved the inclusion of data obtained in the control
conditions. These derivations were more complicated and were unavailable for the analyses
reported below.

Table 3 shows the F values for the anovas en the trensitions and Table 4 shows the F values
for the snovas on the pleces of the MPN simulation. Trensitions | and 4 were not tested since
they did not vary across conditions. The main point of these two tebles is that the transitions and
places that modeled the tracking components showed main effects for the tracking condition, and
the ones that modeled the vowel insertion showed main effects for the vowel insertion condition.
This indicates that the MPN mode! appropriately represented the experimental task.

However, a more important question is whether the MPN represented the worklosd
involved in the task. It is possible that other components of the task, which were not possible to
mode] the the MPN, were more imporient contributers to the workload involved in the task.
Thus, it was necessary to demonstrate a relationship between the MPN parameters end the
subjective workload ratings. To do this, 8 canonical correlation was conducted between the MPN
parameters end the workload ratings. The resulls of the cenonical correlation showed that the
first four eigenvalues were significant. This indicates that four underlying factors of the MPN

paremeters are highly related to four underlying factors of the workload ratings.
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Summary and Future Directions

The results of the canonical correlation indicated that MPN model of the experimental task
represented the task components that influenced subjective workload. Thus, the gosl of this
experiment was achieved by this demonstration thet the MPN model was sensitive 1o worklosd
changes.

The next stege of this research will involve generating a classification scheme that will
group events and activities that are similar in their contribution to task workload. Worklosd
values for each class of events and sctivities can then be derived. Thiswill allow testingof MPN

model simulations for their prediction capability of the workload of s task.
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IRBLE 2

IDORKLOAD RATINGS
F DALUES
TRACKING UOIDEL INSERTION INTERACTION
ODERALL
IDORKLOARD 3.19 15.32%¢ 8.7?
TRASK DIFF. 3.91 36.22%%* 0.39
STRESS 9.31* 12.35%* 0.01
FRUSTRATION 4.97* 30.93%%* 0.04
PHYSICAL
EFFORT 2.29 0.01 0.49
MENT/SEN
EFFORT 3.22 23.14%%* 0.2?
FATIGUE 0.50 0.04 4.41
AUTOMATICITY  4.28 13.27%* 0.69
TIME PRESS 1.06 54.50%** 1.11
PEFORMANCE 3.69 11.89** 0.34
*p <.05

**p <.01

*24p <.001
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Table 3

TRANSITIONS
F URLUES
TRACKING VOIPEL EINSERTION INTERACTION

Ty 6.15* 1.12 16.98%*
T3 6.15* i.12 16.98%
Ts 1.91 0.60 0.45
Tg 1.91 0.60 0.45
Ty 2.18 107.23%¢= 4.21
Tg 2.18 107.73%%= 4.21
Tg 2.18 102,235 4.21
Tig 6.18* 2.62 17.50%*
LIT| 9.22* 0.05 3.08
Ty2 37.819%%s 0.31 1.60
Ty3 71.22%%= 0.08 16.24*
Ty4 37.63%%= 0.26 1.5?

*p<.05

*2p <.01

**%p <001
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TOTAL TIME
Py

FREQUENCY
Py

*p <03
*ep <.01
s=ep <.001

TRACKING

3.54*

3.54

3.54*

0.27

2.88

43.34%>+

26.93%==

3.40

3.40

6.15*

2.41

1.91

36.65%%=

31.38%==

3.

Iable 4

PLACES

F VALUES

UOLDEL INSERTION

2.17

2.17

2.17

31.99°e=

26.80%**

0.34

0.09

1.40

1.40

1.12

0.47

0.60

0.29

0.53

12

INTERACTION

17.20%*

17.20%*

12.20%*

8.42*

14.05%*

0.20

0.10

13.80°*

13.80°*

16.98%==

0.51

1.52

1.50

1.20
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Levels of information processing in a Fitts law task (LIPFitts)

Kathleen L. Mosier Sandra G. Hart
University of Cdlifornia NASA-Ames Research Center
Berkeley, CA Moffett Field, CA
ABSTRACT

State—of-the-~art flight technology has restructured the task
of human operators, decreasing the need for physical and sensory
resources, and increasing the quantity of cognitive effort

required, changing it qualitatively. Recent technological
advances have the most potential for impacting the contempory
pilot in two areas: performance and mental workload. In an

environment in which timing 1is critical, additiomal cognitive
processing can cause performance decrements, and increase a
pilot“s perception of the mental workload involved. The effects
of stimulus processing demands on motor response performance and
subjective mental workload are examined in the current study,
using different combinations of response selection and target
acquisition tasks. The dinformation processing demands of the
response selection were varied (e.g., Sternberg memory set tasks,
math equations, pattern matching), as was the difficulty of the
response execution, Response latency as well as subjective
workload ratings varied in accordance with the cognitive
complexity of the task. Movement times varied according to the
difficulty of the reponse execution task. Implications in terms
.of real-world flight situations are discussed.

INTRODUCTION

Typical aircraft control tasks require, in some proportion, three types
of resources: physical, sensory, and cognitive processing. The job of the
contemporary pilot seldom demands strenuous physical effort, other than
staying awake and alert on long or fatiguing flights. It requires a small
degree of sensory effort, such as reading gauges and listening to warning
clackers, etc., and a continually increasing amount of cognitive processing
(e.g., calculations, instrument comparisons, decisions) that often must be
performed quickly with little margin for error. Flying tasks that were once
accomplished by sensory means now demand more sophisticated mental effort,
since displays present integrated and refined information rather than raw
data. In addition, the quality of cognitive effort required has been
redefined. For example, digital readouts are replacing analog gauges,
requiring number processing on the part of the operator rather than a quick
glance to ascertain that the arrows on several dials are pointing in the
same expected direction. Even the task of finding an airport has evolved to
a cognitive processing task because of the need to use localizers,
instrument approaches, etc. in addition to looking out of the window.

Finally, when timing 1is critical, extra cognitive processing may
increase the time to respond to a signal (Hart, Sellars, & Guthar:t, 1984),
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causing a performance decrement. Even a task as simple as moving left or
right in respomse to a command is more difficult and time-consuming when the
information is  presented linguistically (e.g., "RIGHT") rather than
spatially. For example, Hart et al. (1984) found differences in reaction
time (RT) performance based simply on a directional arrow (>) versus a
linguistic command (R/L). They also found an additional 40-msec lag in RT
when subjects were required to process the size and distance of a target in
addition to the directional cue.

Sternberg (1975) and others found RT performance differences depending
on the number of items a subject was required to remember and search through
(the memory set) before responding as to whether another stimulus (the
probe) was or was not a member of the memory set. It is reasonable to
expect that these response decrements found in controlled, 1laboratory
experiments that involve relatively minor levels of cognitive processing
would, if anything, be exascerbated in a more realistic flight situation,
with the potential for life-threatening situations.

Accompanying the demand for a thinking, vigilant, analytical pilot has
been a concern over the amount of cognitive load that is placed upon the
operator as well as the type of load. Since most of resources currently
being tapped are cognitive, it 1is quite 1likely that an increase in the
complexity of the cognitive demands of a task would have a measurable effect
on the pilot”s perception of the workload involved. Physical workload is
relatively easy to predict and measure, although one 1is 1limited by
observable behaviors, such as the movement of arms, hands, fingers, and
legs, and eyes. Overload results in physical fatigue, injury, or inability
to perform a task. Mental workload (i.e., how much a pilot can be expected
to process, remember, or analyze in a given time span) is, however, much
more elusive. Although mental workload is becoming more and more precisely
defined, individual interpretations of the concept itself, as well as its
various components, have hindered accurate measurement.

The model for the tasks used in the present study was the "FITTSBERG"
paradigm (Hartzell, Gopher, Hart, Dunbar, & Lee, 1983), which combines,
serially, a FITTS target acquisition task (Fitts and Peterson, 1964) with a
SternBERG memory task (Sternberg, 1975). The decision of which two targets
to acquire 1is based on the results of a Sternberg-type memory search. A
series of experiments has been conducted employing variations of this
paradigm to investigate the relationship between stimulus processing demands
and motor vresponse performance (e.g., Hart et al,, 1984). 1In the original
study (Hartzell et al., 1983), subjects were given a choice of two targets,
one to the right and one to the left of center. The difficulties of the
target acquisitions were indexed (ID) according to Fitts” law (Fitts and
Peterson, 1964). The direction of the movement was based on whether or not
the probe stimulus was (right) or was not (left) a member of the Sternberg
memory set. Memory sets of 1, 2, or 4 letters were used. When compared
with performance on a single target task, RT for the combined "Fittsberg"
task was sensitive to the additional cognitive processing requirements of
the Sternberg memory tasks. As expected, the impact of response selection
complexity did mnot extend into the movement phase (from initiation of
response to target capture criterion). Movement times (MT) were not
significantly different than for target acquisitions without a response
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szlection requirement,

In subsequent studies, the workload of the two component tasks (target
acquisition and response selection) together was judged to be considerably
less than the summed workload of each task done separately. The subtle
differences in RT for directional versus linguistic cues continued to be
reliable; as was the 40-msec increase in response selection time (RST) with
the addition of a target acquisition (TA) task. In a recent study
(Staveland, Hart, & Yeh, 1985), it was found that different measures of
performance (e.g., RT, RST, MT) selectively reflected different portions of
the Fittsberg task, and could be manipulated independently. The workload
ratings reflected the average workload within a block of trials (exhibiting
no primacy/recency effects of trial difficulty) and integrated the workloads
imposed by both selection and execution components.

The present experiment expanded the Fittsberg paradigm to include many
other types of information processing, including pattern and rhyme
recognition, time estimation, and mathematical problem solving. It also
varied the types of information in the memory sets (eg. categories,
numerical values, and words, as well as individual letters) and the memory
interval (immediate, delayed). The difficulty of the cognitive task that
determined movement direction ranged from simple, single-step decisions
(e.g., whether or not two simultaneously appearing letters were identical)
to relatively complex decisions that required several steps (e.g., solving a
complex arithmetical equation and comparing the result to the numerical
value of the memory set function).

Current research has focused on the subjective experience of mental
workload, either Dby itself or in combination with performance and
physiological measures (Wierwille and Casali, 1983) as the most valuable
estimate of load. Multi-dimensional approaches to subjective workload
measurement take into account the idea that the experience of workload is a
cumulative effect of three (e.g., stress, mental effort, and time pressure)
or more factors (Reid, Shingledecker, Nygren, & Eggemeier, 1981), and that
the same elements objectively occurring in the same proportions may lead to
different estimations of workload from different performers. To account for
individual interpretations of factors associated with workload, a system has
been devised to combine ratings for each factor with weights reflecting the
subjective importance given to that factor (Hart, Battiste, & Lester, 1984).
This weighting system, wused in conjunction with nine different elements of
workload and an overall workload evaluation, was used in the present study.

The goal of the present study was to relate performance and workload
changes associated with 10 different information processing tasks. 1In terms
of performance:

1) The difficulty of a response selection task is reflected in its

latency (RST), decision reversals and percent correct, Initiation of a

target acquisition is measured by RT.

2) The difficulty of a target acquisition is reflected in MT, but not

in the initial RT (single alternative) or RST (two alternatives).

3) If the effect of response selection difficulty extends into the

movement phase, MTs will increase.

il If information processing for response selection and initiating
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response execution are performed serially in the Fittsberg (FB)
condition: RST(FB) = RST + RT.

5) If processing 1is accomplished in parallel: RST(FB) = RST or RT,
whichever is greater (implying that no extra time is required for the
processing of the additional task).

6) If response selection and initiation of target acquisition overlap,
but each requires some unique processing: RST 4+ RT > RST(FB) > RST or
RT,

With respect to the subjective ratings of workload (WL):
1) 1f subjective workload is affected by task complexity, workload
ratings will parallel RST and RT differences.
2) If FB imposes more workload than simple response selection tasks,
WL(FB) > WL(RS). In this case, either a) workload ratings for the
combined tasks will equal the sum of the component task workload
ratings [WL(FB) = WL(RS) + WL(TA)]; or b) because of a certain amount
of functional overlap, the workload of the combied tasks will be equal
to the load imposed by the response selection task plus some
non-overlapping part of TA [WL(FB) = [WL(RS) + WL(TA)] * C, where C <
1.0 and C > 0.5].
3) If no additional workload 1is imposed by the TA task, then FB
workload will be equal to the rating of RS or of TA, whichever is
greater [WL(FB) = WL(RS) or WL(TA)].

It was hypothesized that: a) RSTs would mirror task complexity; b)
information  processing for RS and TA would progress essentially
concurrently; «c¢) control reversals and percent correct would be affected by
response selection task complexity only; d) MTs would reflect target ID
only; e) subjective workload ratings would also coincide with task
complexity; and £f) the extra demands of the TA condition would result in
slightly higher, but not additive, workload ratings.

METHOD

Subjects

Nine subjects, ranging in age from 18 to 40, served as paid
participants. All of them had been previously trained on different versions
of the Fittsberg task that were not used in this experiment (i.e., Sternberg
memory sets of one, two, and four with a Fitts target acquisition).

Apparatus
The experimental chamber contained a chair 85cm from a 23-cm monochrome

monitor. On the right or left arm of the chair (depending on the handedness
of the individual) was a two-axis joystick used for making RT, RST and TA
responses., Workload-related ratings were obtained with a slide pot and
enter-button on the non-dominant arm rest. An additional switch was mounted
on the non-dominant arm rest for respomse selection in right-target-only and
left-target-only conditions. An Apple II computer was wused for target
generation and data collection (10-msec resolution).

Experimental tasks
Ten response selection tasks, involving several levels of cognitive
effort, were oresented alone and in combination with a Fitts TA tasit. The

4.4



pattern match (PM) task was selected as the basic response selection task
for the TA control condition, due to its relatively simple processing and
memory demands. For most tasks, an answer that was "yes" or "greater"
prompted a movement to the right (and acquisition of the target on the right
on TA trials). Tasks required no memory, recent (previous trial) memory, or
"long term" memory. Each was performed first as a simple response selection
task, then as a FB task in combination with a TA. Table 1 illustrates the
experimental tasks.,

Reaction time (RT) and RST were defined as 2% deflection of the

joystick. Three 1IDs were used for TA, computed in accordance with Fitts”
law. Width wvaried from 5 to 20 pixels, and target distance from 60 to 128
pixels {ID(2.52) = 40/60; 1ID(4.19) = 7/64 or 14/128; ID(5.67) = 5/128].

Except for the control conditions, the three target 1IDs were randomly
presented within each block of 24 trials. Movement time (MT) was calculated

from stick deflection to a steadiness criterion (keeping the cursor in the
target).

Feedback

In all tasks (except time estimation) descriptive feedback about
correctness and RST was given after each trial, and, where applicable, MT.
The time ecriteria for each feedback phrase remained constant throughout
tasks and conditions. Norms for intervals used in providing feedback were
derived from earlier studies. Descriptive adjectives comparing current
performance to the norms ranged from "truly dismal" to "fantastic".

Subjective rating scales

Nine elements of workload were rated: task difficulty, time pressure,
own performance, physical effort, mental effort, frustration, stress,
fatigue, and activity type (skill- or knowledge-based). Before beginning
the experiment, subjects were asked to evaluate the importance of each
element to overall workload, compared to every other element, by making 35
pairwise comparisons. The final weight of each factor ranged from 0 (never
considered more important than another factor) to 8 (considered more
important than any other factor) (Hart et al., 1984). At the end of each
experimental block, subjects were asked to rate their experience on each of
the nine workload factors, as well as to give an overall workload rating, on
10 bipolar rating scales.

Procedure

After completing the factor weightings, subjects were given an
introduction describing the study and the tasks they would be performing,
accompanied by demonstration trials. They were given two practice and one
experimental block for each task, followed by ratings, in a
previously-determined, counterbalanced order. All subjects performed the
tasks in the response-selection-only mode first. Prior to performing the TA
condition, they were given two practice and one experimental block of trials
for each of the control conditions: PM + easy (ID = 2.52) TA (PME); PM +
hard (ID = 5.67) TA (PMH); and PM + easy/med/hard TA, right TA only (PMR) or
left TA only (PML). A block consisted of 24 trials.
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RESULTS

The data collected for each task were 1) RT, RST, or time duration
prior to deflection (for time estimation tasks); 2) MT (where applicable);
3) percent correct; 4) control reversals (e.g., second thoughts about
response selection, and 5) bi-polar workload ratings. Several analyses of
variance were performed across experimental conditions for each measure:
percent correct; RT for TA-only tasks; RST for response-selection-only
tasks; and RST, control reversals, and MT for FB tasks. Time estimation
tasks were analyzed separately, since RSTs were equal to the duration of 5-
or 10-sec time productions. Most of the tasks were also grouped and
analyzed by type: 1) control condition (PM, PME, PMH, PMR, PML); 2) math
functions (G/L, W, EQ); 3) time estimation (T, TS); and 4) rhyme (RYM,
SRYM).

RESPONSE SELECTION TIME

In general, RST was
shown to be very sensitive

to response selection g

difficulty, F(7, 56) = 8 ]

22.33, p<.01l. The a 1 E?T'
J 1100 n

addition of the target
acquisition task further
enhanced this effect
(Figure 1). Weighted PH O/E RYM M B/L SET Ea SAYN
workload ratings exhibited EXPERINENTAL TASKS

this sensitivity as well,

F§?3’ 184; = Sé?sﬁtﬁi'gé Figure 1. Response selection times
(Figure ). ig e for all tasks.

response differences were
not significant, except

for tasks in which WEIGHTED WORKLOAD RATINGS
direction of movement was 50

determined by a yes/no 0] 5

i ] £
choice. In this case, 1 £
"no" responses were 30 £

RATING
1

A R Y
R T ey

5 7
g £ :
e z =
somewhat slower. Movement w0 - i gg E 2E B2 sinie
. -1 = . =R7 % 7
time, as expected, was not ] S AE .
E ZENR7 H o4 A A
affected by response 104 H ﬁ
. . . E £ 3 a3 E A g
selection difficulty or ] % g £ % 25 E =
. 0 Z 4 =IRZENR7 Z=
the number of alternative PH O/E AYK T W 6/L SET E0 SAYM TS
targets. A significant EXPERINENTAL TASKS
effect was found across :
all  tasks for  percent Figure 2. Weighted workload ratings
correct, F(23, 184) = for all tasks.

10.46, p<.0l.

Control Conditions

Within the pattern match conditions, the effects of several variationmns
of the TA portion of the FB task were examined, i.e., keeping the target ID
constant (PME, PMH); keeping the direction of movement constant (PML, PMR);
and removing the response selection requirement from target acquisition
(PML, PMR). Results of the pattern match condition followed the expected
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UALITY
pattern. No significant differences were found for RT or percent corrzct,

and direction of movement (right versus left) did not have a significzant
effect.

Movement time CONTAOL TASKS
differe“ces were found as Responeo Selsction and Movement Times i
a function of target ID,
as predicted by Fitts” law
(Fitts and Peterson,
1964): average MT for
easy  targets (PME) was
-695 msec; for  hard
targets (PMH), 1.065 msec i
(Figure 3). A significant
interaction was found
between PME/PMH and Exporinantel Tesks ;
right/left, F¥(1,8) = 9.18,

p <.05; i.e., the Figure 3. Response selection and
easy/hard MT differences movement times for
were somewhat more control condition,
pronounced for right

targets than for left

targets.

12—

= wr
=3 asr
1

Milliomcorcs

f T N T
ne [1t] m FIL

In PMR and PML conditions, two RT measures were taken: one for the RS
task {(a button press); and one for the RT following target appearance
(joystick deflection). Responses to the target alone, involving no
cognitive processing task, were predictably faster than for any of the
cognitive tasks, and were not affected by target difficulty. When one
element, either target side (R/L) or ID (E/H), was held constant, and the
other was varied, the same RT and MT differences were found that have been
indicated in earlier studies. Workload ratings were similar for all of the
PM tasks, with the exception that PME was rated as having less workload than
PMH.

Math Functions

A significant difference in RSTs was found due to the complexity of the
different mathematics tasks, following the expected trend: the RSTs were
shortest for the G/L task, followed by the Wittenborn task (W), and the EQ
task, F(2, 8) = 24.00, p<.0l. There was a significant effect of task on
percent correct as well, F(2, 16) = 16.5, p<.0l.

Response selection times for the Math + TA condition were slightly
faster than for the math tasks alone. This could be an effect of training,
since all of the TA tasks were presented after the response-selection-only
tasks, Two other findings were of interest: There was a significant
interaction between task and right/left responses, F(2, 16) = 10.69, p<.0l.
Right RSTs were faster than left RSTs, F(2, 8) = 10.73, p<.0l, due primarily
to the EQ task, in which left movements (less) were twice as slow as right
movements (greater). Also, an effect was found for task on MT, F(2, 16) =
6.31, p<.0l; however, since the conditions having-the most control reversals
also had the longest MTs, the extra time taken by the reversals accounts for
this effect.
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Worklonad ratings HEIGHTED WORKLOAD RATINGS

. At ~ . Heth Tasks
mirrored tasit complexity, (ousl Fesk Condition)

with EQ > W > G/L, F(2,8) * -
= 21,11, p<.0l (Figure 4). ao-] =
Single (RT only) task = %
workload was not . % = |
significantly different e = =
than dual task workload. e =
— =
Time Estimation . % %
In the time s/t " Eo
estimation tasks, no Frperitentel ook
effects were found for
percent correct, number of Figure 4, Weighted workload ratings
reversals, or MTs. Left for math tasks.
(S_SQC) and right (lO—sec) WEIGHTES WOAKLOAD RATINGS
responses were  examined o rtran
separately. For left : 50
responses: time estimates 10

were significantly longer
for the TS task than for
T, in both the single and

20—
dual task modes, F(1l, 8) = %
11.46, p<.01. Estimates 10~
in both TS and T were also o)

longer in the single task v Ts

- - . £ 4 tel YTask,
condition than in the dual e

task condition, F(1, 8) = - . .
8.41, p<l05. Pigure 5. Weighted workload ratings

for time estimation tasks.

Rating

kL

Right (10 sec) responses showed somewhat similar results. Estimations
were longer in the single-task condition for both TS and T, but there was no
difference in estimates between the T and TS tasks. Overall, in the time
estimation tasks, the J5—-sec estimations were more accurate than ]0-sec
estimations, which were generally too short.

Workload ratings ranked TS as harder than T, F(1l, 8) = 7.2, p<.05, and
showed no difference between the single and dual task conditions (Figure 5).
A somewhat surprising finding was that many subjects considered the TS task,
which involved estimating time as well as solving an equation, to be easier
than the EQ task. Reportedly, this was because they did not feel as much
time pressure 1In solving the equation, since the solution fo the equation

could be completed at any time wup to the end of the shortest of the two
estimation intervals,

Rhyme Tasks

The delayed rhyme task (SRYM) resulted in significantly faster RSTs,
F(1, 8) = 25.35, p<.0l (Figure 6), and a greater percent correct (49% vs.
47%), F(l, 8) = 13.3, p<.0l, than the immediate rhyme task. No difference
was found between single and dual task conditions in RSTs; however, there
was a significant difference in percent correct in favor of the dual task
condition, F(1l, 8) = 8.4, p<.05, probably due to training. No differences
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movement ) responses in 2000

both tasks were  much 1600

slower than ‘'yes" (right
movement) responses, F(1,
8) = 19.01, p<.01l, a
common finding.
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800~

Milliseconds
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There were several .
interactions: the RYN SAYR
difference in RST between Experizanted Tasks
RYM and SRYM decreased Figure 6. Response selection and

with training, as movement times for
illustrated by a Task x rhyme tasks.

Condition (RYM vs. SRYM x

RS vs. FB) interaction, i i
F( 1, 8) = 12,01 ) P< .01; (Ouel Tesk Condition)
the '"yes/no" effect was
more pronounced in the RYM .
task  than in the SRYM
task, as shown by a
Right/Left X Task
interaction, F(1, 8) =
13.78, p<.0l; and practice
reduced this "yes/no" 0 ===
effect, illustrated by a e o dnented TomeK
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interaction  F(1, 8) = Figure 7. Weighted workload ratings
7.78, p<.05. for rhyme tasks.
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The RYM task was rated as having greater workload than the SRYM task, F
(1, 8) = 6.65, p <.05 (Figure 7) both in RT and RT/Fitts TA conditionmns.
Reasons for this are discussed in the following section.

DISCUSSION

In general, task complexity had the predicted effect on response
latency; that is, the more complex the required cognitive processing, the
longer it took before a response was selected. The additional processing
demanded by the response execution task, however, was not reflected in RST.
In fact, for some tasks (e.g. math tasks), RSTs in the dual-task modes were
somewhat faster than in the response-selection~only mode. The probable
cause for this counterintuitive result could be training; by the time
subjects began performing the dual condition, they were familiar with all of
the cognitive tasks, and, since they had previously participated in a
Fittsberg study, were practiced in target acquisition.

Workload ratings also reflected task complexity, with a few unforeseen
results. Several of the response—selection-only tasks were rated as having
somewhat higher workload than the same task in the Fitts TA mode. Since all
of these tasks were performed f£first, this again could be the result of
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training. The simultaneous rhyme task (RYM) was seen as being more loading
than the Sternberz rhyme task (SRYM), even though SRYM involved no memory
and used the same type of words. The equation task (EQ) was perceived as
being much more difficult than the combination of equation and time
estimation (TS), even though the latter involved an additional processing
step. The apparent reduction in time pressure mentioned earlier seems to
have been an overriding factor here. The equation task took the longest to
complete; thus, removing the pressure of having to do it immediately served
to greatly reduce its perceived workload (TS was one of the tasks rated
lowest in workload, even though its EQ task component was rated as highest).

Performance

Since MTs were not affected by the complexity of the response selection
task, it 1is reasonable to assume that any decision making was completed
prior to the movement phase--or, at least, that whatever processing did
carry over was sufficiently minimal to be accomplished simultaneously with
movement, causing no detriment to MT.

Task complexity did have an observable effect on percent correct; it was
largest with the easiest tasks (96%), and smallest with the most difficult
tasks (827%). Control reversals did not follow the same pattern, as there
were relatively high numbers of reversals for some of the less complex tasks
(0/E, RYM). One possible explanation for this is that these tasks were so
simple that they were performed "enroute"; that 1is, subjects may have
"jumped the gun" by starting movement in one direction before they had
completely processed the stimulus, then finished processing, changing
direction if necessary once the stimulus was fully absorbed.

The results of this study indicate that information processing of the
response selection task and of the target are done concurrently, since dual
task RSTs were, 1in general, equal to or only slightly greater than the
single task RSTs. This is in keeping with previous findings.

Workload

Workload ratings for the response selection tasks paralleled almost
exactly response latencies, especially at the extremes: for the immediate
response tasks, G/L was considered to be the easiest task (WL = 22) and
resulted in the shortest mean RST; EQ was considered to be most loading (WL
= 47), and had the 1longest mean RSTs. The time estimation task (T), in
which there was no pressure for a fast response, was also considered to be
very low in workload (WL = 23). This indicates that subjects were very
sensitive to the relative amounts of required processing and in their
perception of the time pressure imposed on them. These were each reflected
in their evaluations of the tasks.

Dual task workload was not consistently greater than the same task
presented in the single-task mode. This replicated, in general, findings of
earlier studies (e.g., Hart, Shively, Vidulich, & Miller, 1985). A
tentative explanation for this would, again, be training effects, negating
the perception of additional load. Subjects had had enough practice on the
basic TA task and the single-task response-selection tasks that the combined
task might have imposed no extra load. Another possibility is that most of
the perceived workload +was in the response selection phase; therefore, the
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Fitts TA was experienced as an equivalent task, even though RST”s indicated
that additional processing was required. Since their existed a functional
relationship between the response selection task and the target acquisition
task, the latter may have been viewed as merely an extension of the former.

With regard to various specific tasks, the type of memory involved did
not appear to have as much impact on workload and RST as did the specific
design of the task. That 1is, the concurrent memory tasks were not, as a
group, faster or slower than the recent memory or long-term memory tasks,
with some interesting anamolies. For example, examining the RYM and SRYM
tasks, it would seem logical that the concurrent processing task, RYM, would
have been at least as easy, if not easier, than a long—term memory task;
however, the immediate comparison (RYM) resulted in longer RSTs, more
errors, and higher workload ratings that SRYM. A factor that may have
contributed to this was that, in SRYM, the same word was compared with each
other word continuously through the block of trials; in RYM, however, two
completely different words were presented on each trial.

The major direction of movement differences were found for tasks in
which right or left signified a yes/no response, The lag in RST for a "no"
response 1is of consequence in the real-world cockpit environment in that the
discovery that instrument readings (e.g., altitude, heading, fuel supply)
are not as they are supposed to be usually signifies trouble-~-and this may
be a situation that calls for the quickest possible action. Also of
interest was the fact that the three tasks with the longest RT"s--EQ, W, and
SET--all involved dealing with numbers. The solution of a simple function
in EQ took, on the average, one minute longer than the next slowest task and
resulted in more mistakes. This has important operational implications as
well.

There were many incorrect responses for the SET and EQ tasks. The SET
task is similar to those performed in flight; headings, altitudes, radio
frequencies (i.e., sets of numbers), are continually being updated, and the
operator 1is often required to compare current sets of values to previous
sets. The design of SET made this activity particularly difficult because
subjects could not '"chunk" the three numbers; each digit had to be tested
against the previous values, and remembered individually.

A key issue in these findings is the difference between the actual
Fittsberg RST and WL ratings that were observed in the present study, and
what might be predicted on the basis of simply adding the levels of the two
component tasks., If RST and WL are cumulative, that is, if each additional
task imposes its own requirements on top of those of the previous task, then
one would predict that RST(FB) = RST + RT(TA) and WL(FB) = WL(RST) + WL(TA).
Table 2 illustrates the RST and WL that would be expected if this were the
case. However, the actual figures are much less than this sum; in fact, in
some cases, the obtained RST or WL was equal to or only slightly greater
than that of either the response selection or response execution task alone.
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Table 2

Predicted versus Observed WL and RST

RST WL
TASK RS RE SUM 0BS  RATIO RS RE SUM OBS RATIO
PM 479 .45 <929 +456 <49 31 20 51 22 <43
G/L 423 .45 .873 454 .52 24 20 44 20 +45
O/E  .485 .45 .935 <495 »53 26 20 46 22 +48
RYM  .803 .45 1.253 . 729 «58 35 20 55 28 .51
SRYM .528 .45 .978 «553 «56 25 20 46 25 «54
SET  .910 .45 1.360 .817 - 60 39 20 59 34 .58
T 7.413 45 7.863 6.612 -84 19 20 39 23 «59
W «932 <45 1.382 .838 «61 42 20 62 37 .60
EQ 2.016 .45 2.466 1.744 071 49 20 69 45 +65
TS 7.837 <45 8.287 7.087 «85 28 20 48 32 .67

In this study, the response selection tasks that required only one
processing step (e.g., PM, O/E, G/L) were most easily integrated with the TA
task, and evidenced the largest discrepancy between the additive prediction
of RST and WL and the actual figures. The cognitive processing of these
tasks was simple enough to be accomplished in parallel with TA, without
additional cost; and dual task WL ratings and RSTs are essentially
equivalent to those of the response selection tasks alone. 1In keeping with
this, WL ratings for all of the dual tasks were found to be highly
correlated with RST. The processing tasks requiring more than one step
(e.g., W required addition + comparison; SET required memory + comparison;
EQ required arithmetic problem solving + memory + comparison) were less
easily integrated, and the observed WL and RST in these tasks came much
closer to the additive predictions. If the tasks were not at all
functionally related, the expected ratio of observed to predicted WL would
be >1.

Perceived time pressure, rather than experimental manipulation of time
pressure, contributed significantly to rated workload, with unforeseen
results, For example, the EQ task was rated as having the most workload,
and resulted in the largest number of errors and the longest RSTs. However,
the TS task (which contained the same equations with the additional task of
time estimation), was rated as one of the easiest tasks and resulted in
minimal errors - because subjects were able to perform the mental arithmetic
calculations at their 1leisure during the time estimation interval. Since
the TS task was a combination of two cognitive tasks, time estimation and
arithmetic problem solving, TA actually imposed a third requirement. The
predicted WL for TS in the '"dual" task condition would be 19(T) + 49(EQ) +
20(TA) = 88. The obtained WL rating for this task, however, was 32 - less
than half the prediction. This would seem to indicate that reducing or
removing the significant elements contributing to WL, as well as increasing
the functional relatedness of tasks, can greatly reduce exprienced workload.

The results of this study have implications for laboratory as well as
operational tasks. In functionally related tasks, processing for response
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selection and execution appear to be done in tandem. The cognitive
complexity of the task profoundly affects the response selection part of the
task, but only the physical properties of the target affect the difficulty
of its acquisition. Subjects can measurably differentiate the cognitive
complexity of tasks - both in terms of performance (actual motor responses)
and in terms of perceived workload. Also, the more functional overlap that
exists among tasks that are to be performed concurrently or serially, the
more the operator can mentally integrate the tasks, and the less the cost in
terms of performance and experienced load.

In view or this, human factors engineers must concentrate on keeping
cognitive complexity to a 1level that 1is manageable and has acceptable
consequences 1in terms of response latencies. Additionally, since the cost
of imposing more tasks can vary widely, the nature and relatedness of the
simultaneous or serial tasks required of the human operator must be taken
into account.

Indications were present on some tasks that training can have the effect
of not only improving performance, which is intuitively predictable (as
shown in the math tasks, which had the longest s, and possibly the most
room for improvement); but can also function to reduce perceptions of
workload in an equivalent or objectively more difficult task. This was
illustrated by the several tasks in which the single task, presented first,
was rated as being higher in workload than the same task in the dual
condition. One of the possible effects of training is to facilitate
integration of the tasks being performed. Therefore, training apparently
can, to a certain extent, compensate for increased task loading.
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ABSTRACT

The influence of stimulus modality and task difficulty on workload and perfor-
mance was tnvestigated in the current study. The goal was to quantify the “cost" (in
terms of response time and ezperienced workload) incurred when essentially serial
task components shared common elements (e.g., the response to one initiated the
other) which could be accomplished in parallel. The ezperimental tasks were based
on the "Fittsberg" paradigm; the solution to a SternBERG-iype memory task deter-
mines which of two identical FITTS targets are acquired. Previous research
suggested that such functionally integrated "dual" tasks are performed with substan-
tially less workload and faster response tlimes than would be predicted by sum-
ming single-task components when both are presented in the same stimulus
modality (visual). In the current study, the physical integration of task elements
was varted (although their funciional relationship remained the same) to determine
whether dual-task facilitation would persist if task components were presented in
different sensory modalities. Again, tl was found that the cost of performing the
two-stage task was considerably less than the sum of component single-task levels
when both were presented visually. Less facilitation was found when task elements
were presented in different sensory modalities. These results suggest the impor-
tance of distinguishing between concurrent tasks that compete for limited resources
Jrom those that beneficially share common resources when selecting the stimulus
modalities for information displays.

INTRODUCTION

The current experiment is one in a series that investigated the rules by which single task
estimates of workload or performance can be used to predict the results of different task com-
binations. Theoretically, some task combinations should be simply additive; the workload of
two tasks performed concurrently should be equal to the sum of component task levels. This was
found, for example, by Gopher and Braune {1984). In this study, as in many others, however,
performance on one or both of the component tasks suffered when they were presented con-
currently. Numerous experiments have been conducted with a dual-task paradigm in which a
variety of tasks are presented and learned individually and then different combinations are
performed concurrently. It is assumed that subjects’ resources can be allocated, up to
their limit, in graded quantities among separate activities. The fact that some tasks
appear to interfere with each other more than others led to the formulation of a multiple
resources model that postulated that different amounts and types of resources are required for
different tasks and task combinations (Navon & Gopher, 1979). Performance limitations
arise from insufficient resources in one or more processes that might be differentiated by the
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modality of input, output, or type of central processing {Wickens & Kessel, 1979). In many
cases, the difficulty levels of one or both tasks are varied to determine the limits of capacity
(Kantowitz & Knight, 1978). In addition, the required performance levels or task emphasis may
be specified {(Gopher, Brickner and Navon, 1982) to shift the relative priorities among dual-task
components. It was found that subjects can dynamically allocate their attention to achieve
the required levels of performance (Tsang & Wickens, 1984).

The dual-task paradigm has been used to identify the causes and magnitudes of dual-task perfor-
mance decrements and subjective workload experiences with different combinations of input and
output modalities, levels of loading, and requirements for stages of cognitive processing. In
general, it has been found that performance on one (or both) tasks suffers to the extent the
demands for resources exceeds the system capacity (Wickens, Sandry and Vidulich, 1983).
For example, the decrement in performance for a visual/manual spatial transformation task
was found to be greater than for the same task presented with auditory input and speech output
when each was performed with a visually displayed manual control task (Vidulich & Tsang,
1985a; 1985b). This occured even though the auditory/manual version of the spatial transfor-
mation task was performed more slowly and imposed more workload when presented as a sin-
gle task. Subjective workload ratings for the dual-task combinations were somewhat less than
the sum of the single- task levels. However, the cost (in terms of subjective workload experience)
was significantly greater for dual-task combinations with the same input and/or output
modalities, than for those that were presented in different sensory modalities or required
responses in different output modalities. Dual-task workload ratings were equal to 60% of the
summ of single task levels for tasks with different input or output modalities, and 75% of the
sum of single-task levels for tasks that competed for the same resources.

The results of dual-task experiments, particularly those within the general structure of multiple
resources theory, have provided ideas and guidance for design engineers faced with the prob-
lem of off-loading visually {or manually, vocally, etc) overloaded operators with alternative
information sources or response modalities. For example, voice input or synthesized voice out-
put has become an almost universal proposal for off-loading pilots whose ability to process addi-
tional visual information has been exceeded {Vidulich and Wickens, 1985). In addition,
graphic display alternatives have been proposed to replace digital displays of instruments and the
need for information integration has been recognized in order to reduce the physical number
of sources and formats of information (National Research Council, 1983). Not all concurrent
task components can be divided among different sensory modalities with the same improvements
in performance and workload, however. It is possible that tasks elements that are functionally
related by the structure of the task or their temporal relationship should be presented or per-
formed in the same input or output modalities, while unrelated but concurrent tasks should be
displayed or performed in different sensory modalities. The former might promote subjective
integration, thereby reducing workload (Wickens & Yeh, 1982; 1983), whereas the latter can
reduce competition for limited resources, also reducing workload.

In the typical dual-task paradigm, the two tasks must be performed within the same time
period (thereby competing for an operator’s limited resources), yet the component tasks
are unrelated either functionally or subjectively. An alternative paradigm would be one in which
component tasks are functionally related; the output or response to one serves to initiate or pro-
vide information for the other. This type of task is common in operational environments
where the decision to initiate a change in a system’s state requires preliminary information
gathering, processing, and decision making, which is followed by one or more discrete or con-
sinuous control actions. The sources of information, processing requirements, response
modality, and workload levels of the first stage are independent of those of the second stage.
Nevertheless, the two tasks are functionally related and some or many processing stages may
either be performed in parallel, or the activities required for one may simultaneously satisfy
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some of the requirements of the other. For example, mental anticipation and physical response
preparation for a control input can begin while instruments are monitored to determine
the correct value or time for the control input. For these types of tasks, it is possible that
presenting information in the same sensory modality would result in reduced workload and
dual-task performance time, which is in direct opposition to the typical dual-task finding.

The tasks selected for the current study were based on the "Fittsberg" paradigm ( Hartzell,
Gopher, Hart, Dunbar. & Lee, 1983) in which a target acquisition task based on FITTS Law
(Fitts & Petersen, 1964) was combined with a SternBERG memory search task (Sternberg,
1969). Two identical targets are displayed equi-distant from a centered probe stimulus. Sub-
jects acquire the target on the right if the probe is a member of the memory set and the target
on the left if it is not.  Performance on the response selection portion of the task is evaluated
by measures of speed ({reaction time - RT) and accuracy (percent correct and decision reversals).
Response execution 1is accomplished by moving the control stick in the selected direction
{right or left) and acquiring the target on the selected side of the display. Target acquisition
performance is evaluated by measuring movement time {MT), which is the total time required
to acquire the target less RT. Target acquisition difficulty is manipulated within blocks of
trials by varying the width (W) of the target area and its distance from the home position of the
cursor (A) according to Fitts’ Law ( MT = a + b(ID)) where:

Index of Difficulty (ID) = log,(2A/W)

MT, but not RT, increased as the difficulty of the target acquisition task was increased. RT
but not MT increased as the cognitive load of the response selection task was increased. Sub-
jects rated the workload of the combined '"Fittsberg" task as slightly greater than the work-
load of the response selection task by itself. Workload ratings for a block of trials in which dif-
ferent levels of target acquisition difficulty were imposed integrated the load levels
imposed by both the response selection and response execution components.

In subsequent experiments (Hart, Sellers & Guthart, 1984; Mosier & Hart, 1985; Staveland,
Hart & Yeh, 1985), response selection was accomplished by responding to directional commands
presented symbolically or with linguistic abbreviations, identifying a stimulus with or without the
additional task of comparing it to a remembered value, computing the results of mathematical
equations, performing matching tasks, and time estimation, among others. The response selec-
tion demands ranged from none {in the single-target Fitts baseline condition) to stimulus iden-
tification, short-term or long-term memory search, prediction, computation, comparison, and
estimation. Again, the two-stage "Fittsberg" tasks were performed with approximately the same
performance and rated workload as the response selection tasks performed alone. A small
"concurrence cost" (Navon and Gopher, 1979) of 40 msec in RT was again found for the com-
bined tasks, as well as a slight increase in rated workload over single task levels (from 33 to 43).
Dual task RTs were equal to 63% of the sum of single task levels and dual task workload ratings
were equal to 64% of the sum of single task levels. MT was never affected by response selection
difficulty manipulations. Again in opposition to the results of traditional dual-task experiments,
performance decrements for the response selection {measured by RT) or response execution
components {measured by MT) were not found as the difficulty of the other component was
increased. Rather, the two components appeared to impose independent (or at least parallel)
demands that did not increasingly degrade performance as load levels of one or both was
increased.

Although this could be considered a dual-task paradigm, the response selection and execu-
tion elements can be performed sequentially and their difficulty manipulated independently, in
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keeping with the assumptions of serial models of memory scanning (Sternberg, 1969} and infor-
mation theoretic models of choice reaction time and target acquisition (Fitts & Petersen,
1964). In addition, the types of activities that are represented are typical of many operational
environments in which operators must decide what to do (response selection) and then accom-
plish the desired function (response execution). The results of earlier studies suggest that the
addition of automation to accomplish one or more functions might have limitations in effec-
tiveness to moderate the demands placed on busy operators. If the execution of control
inputs is automated, this might simply reduce the response execution load, leaving the
demands of response selection (e.g., when and how to initiate the system) unchanged and pro-
viding little real savings in performance time or workload for functionally integrated tasks.

The current experiment was designed to address one of the issues raised earlier: For func-
tionally integrated tasks, is the savings (measured in terms of workload, response time, or
accuracy) found for functionally related tasks presented in the same sensory modality also
present when the same tasks are presented in different sensory modalities? Four response-
selection tasks were presented individually (in the single-task baseline experiment) and in com-
bination with a target acquisition task (in the dual- task, Fittsberg experiment): (1) right/left
decision based on spatial (Spatial); (2) or linguistic (Right/Left) information; (3) Sternberg
memory search with a memory set size of one (Memory-1); and (4) Sternberg memory search
with a memory set size of four (Memory-4). Each response selection task was presented visually
and auditorially in both baseline and Fittsberg experiments. In the Fittsberg experiment, each
response selection task was coupled with visually displayed target acquisition tasks.

The goal was to determine the rules by which dual-task performance and workload levels
might be predicted from single-task levels. The spatial and linguistic command conditions were
inciuded to determine whether the large RTs found for a Right/Left condition in two earlier
studies (Hart et al, 1984; Hartzell, et al, 1983) occurred because a directional command
presented with a verbal code (R or L) was more difficult to translate into a directional movement
than a spatial command or because additional time was required to translate the abbreviation
(R or L) into its linguistic representation (right or left). The two levels of memory task dif-
ficulty were included to investigate the possibility of an interaction for measures of performance
and workload between stimulus modality and the subsequent processing requirements for probes
that were identical in meaning but not physical representation.

The specific experimental predictions were:

1. For simplé right/left decision tasks, spatial stimuli will result in faster RTs
and lower workload ratings, replicating earlier studies.

2. For memory search tasks, RT and workload will be directly related to
memory set size, replicating earlier studies.

3. MT will be unaffected by the difficulty or modality of the response selection
task, replicating earlier studies.

4. For both single- and dual-task presentations, the auditory display modality
will result in slower RTs and higher workload ratings

5. When response selection and response execution task components are
presented in the same sensory modality, substantially more dual- task
facilitation will be found than when they are presented in different modali-
ties.
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METHOD
{Single-task and Dual-Task Experiments)

Subjects

Eight subjects, five men and three women participated in the single-task baseline study. None
of them had served in earlier Fittsberg experiments. Eight different subjects, six men and two
women served as paid participants in the dual-task experiment. All of them had served previ-
ously in an experiment in which they had received extensive training on the target acquisi-
tion task coupled with many different response selection tasks.

Apparatus

The experiment was conducted in a small experimental booth. Subjects were seated in a chair
located 85 c¢cm from a 23-cm monitor where the experimental tasks were displayed. The
visual angle subtended by the most extreme targets was 11 degrees. A two-axis joystick was
mounted on the right arm of the chair for the response selection and target acquisition
responses. Workload-related rating values were selected with a slide-pot and entered with a but-
ton mounted on the left arm of the chair. The experiment was performed with an Apple II+
microcomputer and a Cyborg ISAAC interface modified to allow rapid and accurate recording of
responses {to the nearest 10 msec}). Subjects wore stereo headsets to receive stimulus information
for the auditory response selection conditions. Tones were generated by the ISAAC. Linguistic
information for the Right/Left and Memory tasks was generated by a Votrax Type n’ Talk.

Experimental conditions

The basic task involved a binary decision to move to the right or left. The stimulus for the
visual response selection tasks was a single symbol (< or >), alphabet letter (e.g., "A", "D",
etc), or word ("Right" or "Left") presented in the center of the display. Stimuli for the audi-
tory response selection tasks were presented via stereo headphones. Tones for the spatial task
were presented monaurally to either the right or left ears. Right/Left commands, the memory
set item(s), and memory task probes were presented binaurally. For the Fittsberg experiment,
two identical targets were symmetrically presented on either side of the screen at the onset of
the response selection task. (Figure 1) Their distance from the center (A) was determined by the
ID for that trial. (Figure 1) The targets were two 1.25 cm vertical lines separated by the dis-
tance (W) specified by the ID for the trial. A 1.25 cm vertical line (the cursor) was controlled
by movement of the joystick.

Response selection Tasks

The baseline experiment provided single-task performance and workload comparisons for the
dual-task experiment. Each response selection task was presented as a choice reaction time
task in both auditory and visual modalities. There were four levels of response selection diffi-
culty: (1) Spatial command; (2) Right/Left command; (3) Memory-1; and (4) Memory-4. For
the dual-task experiment, the cursor and targets were presented visually at the same time that
either auditory or visual response selection stimuli were initiated.

A/Spatial information was generated by the ISAAC system. A short tone burst (1000 Hz) was
presented for 1000 msec in either the right or left ear cuff. V/Spatial information was presented
immediately beneath the centered cursor: "< and ">" for left and right movement respectively.
A/Right/Left commands were generated by a Votrax Type n’Talk speech synthesizer. The word
"Right" or "Left" was presented binaurally at the beginning of each trial. Utterance
durations were 400 and 500 msec respectively. For V/Right-Left trials, the word "Right" or
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"Left" was displayed centered beneath the cursor. A/Memory trial blocks were preceded by
binaural presentation of the memory set item{s) for the entire block of trials (e.g., "A'" might
be presented for Memory-1; and "B", "M", "T" and "R" for Memory-4} generated by the
Votrax. Single-letter probes, also generated by the Votrax, were presented at the onset of
each trial.  The average duration of the alphabet-character stimuli was 300 msec. For
V/Memory trials, letters were displayed on the CRT for 2000 msec before each block of trials
and centered beneath the cursor at the beginning of individual trials. In the visual modality
response selection stimuli remain on the display until the trial is completed.

Response execution

Response Selection component. The interval between onset of the response selection
stimulus and a 2% stick deflection to the right or left was recorded as the RT. RT intervals
were computed from stimulus onset for both auditory and visual presentations, as the total
time required to process information is the most operationally relevant measure to use in
comparing alternative stimulus presentation modalities.

Target acquisition component. The combinations of target widths and amplitudes used
were all that were possible within the limited precision of the display (widths ranged from 5 to 20
pixels, amplitudes from 60 to 128 pixels). Three IDs were created (2.52 (40/60), 4.19
(either 7/64 or 14/128), and 5.67 (5/128)) in accordance with Fitts’ Law. They were the
same 1Ds that were used in earlier experiments. They were randomly presented within
each block of 24 experimental trials (mean ID = 4.15). MTs were recorded as the interval
between the end of the response initiation portion of the task (RT) until the steadiness criterion
for keeping the cursor within the selected target had been satisfied. Single-task baseline levels
for the target acquisition tasks were obtained by randomly presenting one of the four possible tar-
get configurations on the right or left.

Knowledge of results
Immediately after each trial ended (either by the selection of a response or by target acquisition),
the experimental display was replaced for 2 sec by a verbal evaluation of RT and MT perfor-
mance (if the subject had made a correct decision) or the word "WRONG" (if the subject
selected an incorrect direction of movement). The verbal evaluations {e.g, "Fantastic",
"Good", "Truly Dismal", etc.) were based on norms obtained in earlier studies.

Rating Scales

Workload experiences were evaluated by computing a derived score (Hart, et al, 1984) based
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on evaluations of nine workload-related factors obtained after each experimental condition,
weighted to reflect the importance placed on the factor by individual subjects. The nine factors
were considered to be representative of the dimensions considered relevant to different
individuals’ definitions of workload: task difficulty (TD), time pressure (TP}, own perfor-
mance (OP), physical effort (PE), mental effort (ME), frustration (FR), stress (ST), fatigue
{(FA), and activity type (AT).

The relative importance of the nine factors to each subject {e.g. the weights) was deter-
mined by a pretest. All possible pairs of the nine factors were presented on the computer
display in a different random order to each subject. The member of each pair selected as
most relevant to workload was recorded and the number of times each factor was selected was

computed. The resulting values could range from O (not relevant) to 8 (more important than any
other factor).

Subjects rated their experiences after each experimental condition on the same nine
workload-related dimensions and a single global rating of workload. Each scale was
presented on the experimental display as a 1l-cm vertical line with a title {e.g. "MENTAL
EFFORT") and bipolar descriptors at each end (e.g. "EXTREMELY HIGH/EXTREMELY
LOW"). Numerical values from 0 to 100 were assigned to the selected scales positions during
data analysis.

Procedure

A brief introduction was read to familiarize subjects with the purpose of the study and the
types of tasks they were to perform. Then, the workload weights were obtained. The eight
experimental conditions were presented in a counter-balanced order to the subjects in both experi-
ments. Each condition consisted of 72 trials; two blocks of 24 practice trials presented
immediately before a block of 24 experimental trials. For all conditions, half of the correct
responses were "right" and half were "left", and were presented in random order.  The bipolar
rating scales were presented after completion the third block of experimental trials. The base-
line study required one, two-hour session. The Fittsberg experiment required two three-hour
sessions.

RESULTS AND DISCUSSION
Single-Task Baseline Experiment

The following data were obtained: percent correct, average RT, and bipolar ratings for each
block of experimental trials. Individual 2-way and 1-way analyses of variances for repeated
measures were performed between experimental conditions to determine if the predicted
changes in performance and workload occurred due to response selection difficulty and
stimulus modality. Selected correlations were performed among the raw bipolar ratings,
weighted workload scores, and RT.

Percent Correct

Responses were made relatively accurately; average values ranged from 84% to 98% across sub-
Jects and from 87% (V/Memory-4) to 98% (V/Spatial) across experimental conditions. The
difference in accuracy for the four response selection tasks was statistically significant (F(3,21)
= 6.18, p<.01). Although slightly more correct responses were made for the auditory display
modality, the difference was not significant (F{1,7) = 3.99, p>.10). These differences were in
the same direction as the reaction times, thus ruling out the possibility of a speed-accuracy
trade-off (Pachella, 1974).
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Reaction Time

There were highly significant differences in RT among the response selection tasks (F(3,21) =
50.44, p<.001) and stimulus modalities (F(3,21) = 45.74, p<.001). (Figure 2) However, there
was a significant interaction between the two variables (F(1,7) = 28.10, p<.001). RTs were
170 msec faster for the spatial tasks than for any other conditions. For this task, RT was con-
siderably faster for the auditory mode of presentation than for the visual mode. A tone
presented in one ear or the other 1s an imperative stimulus having immediate directional conno-
tations that apparently required a minimal level of processing for a directional decision to be
completed. For the Right-Left and Memory tasks, however, RTs were as much as 200 msec fas-
ter for the visual mode of presentation than for the auditory mode. The same difference
occurred in RT between spatial and linguistic presentation of a directional command that was
found in the earlier studies, suggesting that the earlier results were not due to difficulty in
translating an abbreviation (e.g., R for right) into the word it represented. Rather, the increase
in RT reflected difficulty in translating a linguistic command into a spatial movement.

It is unlikely that the presentation time for auditory stimuli influenced the modality differ-
ences. Not only was the RT shorter for the Spatial condition, but the magnitude of the differ-
ences for the remaining conditions was great enough, that the effect could not be explained
by stimuli durations, although a potential confound exists. RT was recorded from the onset of
the stimulus presentation. Thus, while the visual information was immediately avallable, the
temporal nature of the auditory stimuli does not allow immediate information extraction.
However, identification of information does not require the entire stimulus interval to be
completed Remington {(1977).

Relative importance of workload-related factors {Weights)

Subjects’ initial biases about the factors they would consider in evaluating workload were
obtained in a pre-test. Figure 3) Even though there was considerable diversity among the sub-
jects’ opinions, as expected, there was a small but statistically significant difference in the aver-
age importance placed on the nine factors {F=(8,56)= 3.41, p <.01). Mental Effort was the
most important factor, while Physical Effort and Fatigue were the least. There was the most
disagreement about the importance of Frustration and Activity Type. A multiple correlation
was performed on the weights. The only statistically significant positive correlations found
were for Stress (with Time Pressure and Fatigue). The only significant negative corre-
lations found were for Activity Type (with Frustration, Time Pressure, and Stress). These
results suggest that, not only do subjects disagree about the relative importance of different
factors to workload, but there are few consistent relationships among the factors themselves.

Workload Ratings/Derived Score

Bipolar ratings obtained after the third replication of each experimental condition varied
widely in average values and standard deviations across subjects and experimental conditions:
TD (24/16); TP (40/24); OP (41/24); ME (32/16); PE (8/11); FR (38/23); ST (35/20); FA
{32/22); AT (15/18); and OW (26/15). Not only did subjects disagree about what factors were
relevant to workload, but they also disagreed about the degree to which each of the factors
were imposed by or experienced during different experimental conditions (e.g., standard
deviations were occasionally greater than the average values).

Following the procedure used in earlier studies, {Hart et, al, 1984; Vidulich & Tsang, 1985)
a derived workload score was computed that reflected the subjective importance of each factor
for each subject. Factors that were essential to an individual’s concept of workload might be
entered many times whereas others, considered less important, might be entered few times, or not
at all. The averaged combination of the weighted ratings was used as the primary measure of
subjective workload. As has been found in every other application of this technique,
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Single vs. Dual Tasks Single- Task Conditions

The Derived Workload Score reflected a pattern of statistical significance similar to that
obtained for RT. There was a significant difference among the four experimental tasks (F(3,21)
= 15.52, p <.001), and a significant interaction between display modality and response selection
task (F(3,21) = 3.19 ,p<.05). The spatial decision task was less loading in the auditory modal-
ity whereas the visual versions of the other tasks were more loading. (Figure 4) As expected,
the spatial decision task was considered less loading than the Right/Left decision task (F(1,7)
= 0.85, p<.05) and a memory set size of one for the Sternberg task was experienced as less
loading (F (1,7) = 5.51 p <.05) than a memory set size of four.

The relationships among the individual scales, and their association with overall workload (the
weighted workload score) and RT were determined by a multiple correlation. The nine
workload-related factors were not independent, suggesting a potential source of problem for
multi-dimensional rating scale techniques that require statistical independence among the
dimensions. Task Difficulty and Stress were related to many other factors whereas Activity
Type was not. Task Difficulty, Own Performance, Mental Effort, Frustration, and Stress were
significantly correlated with Overall Workload ratings and all of the factors were significantly
correlated with the Derived Workload score. Although the latter result may be an artifact of
the weighting procedure, it possibly reflects the fact that the derived score represents a composite
of factors relevant to each subject, providing a common denominator across subjects (regardless
of the factors that each considered) and measuring the workload imposed by a specific task.
Few rating scales were significantly cotrelated with RT, even though both measures were
significantly influenced by experimental manipulations. In fact, Task Difficulty and Overall
Workload were the only scales that even approached a significant relationship. This finding
again points out the importance of obtaining independent measures of workload and performance,

as they may reflect different phenomenon.
Dual-Task, Fittsberg Experiment

The following data were analyzed: percent correct, number of decision reversals, average
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RT and MT, and bipolar ratings for each block of experimental trials. Preliminary one-way
analyses of variance for repeated measures were performed within blocks of trials to exam-
ine differences in performance attributable to the direction of response. Two- way analyses of
variance for repeated measures were performed between experimental conditions to deter-
mine whether the predicted changes in performance and workload occurred, and multiple
correlations were performed to assess the associations among bipolar ratings, derived workload
scores, and performance measures.

Direction of Movement

There were no significant differences in correct selections or MT between targets presented on
the right or left. There was a significant right/left differences in RT for the memory tasks (but
not the other response selection tasks), as expected; "yes" responses (to the right) were made sig-
nificantly more quickly (F(1,7) = 8.02 ,p< .05) than "no" responses (to the left). This is a com-
mon finding with the Sternberg paradigm (Sternberg, 1969). Since there was an equal number
of right and left conditions and because it did not interact with any of the other experimental
variables, subsequent analyses were performed without regard for the direction of movement.

Percent Correct

The number of incorrect response selections did not vary significantly across experimental
conditions (F < 1.0) or stimulus modalities (F < 1.0) Since errors were made on less than 2% of
the trials, there appears to be no evidence of a speed/accuracy tradeoff. Somewhat more
reversed decisions were found. A reversed decision is one in which initial decision {iden-
tified by the direction of movement recorded for RT) was made in a different direction than
the target that is acquired subsequently. The differences were statistically significant for
memory set size (F{1,7) = 10.66, p < .01) and spatial versus linguistic directional command
(F(1,7) = 17.14, p< .01). Spatial commands resulted in 2.5 times fewer control reversals
{less than 1 per block of 24 trials) than linguistic commands (2.5 per block}. Finally, a signifi-
cant interaction was found between Stimulus Modality and Method of Presentation for the direc-
tion command tasks (F(1,7) = 7.00, p > .05). There were more reversals for V/Right-Left than
A/Right- Left (4 versus 2 per block) whereas both A/Spatial and V/Spatial conditions were per-
formed with consistently few reversals (less than 1 per block), regardless of stimulus modal-
ity. Subsequent analyses for performance measures included non-reversed trials only, to elim-
inate very long MTs for trials in which reversed decisions occurred.

Reaction Time

RTs for the dual-task conditions were generally lower (F (1.14) = 20.75, p < reflecting differ-
ences in abilities between the two groups of subjects. However, there was no interaction
between experiment and response selection manipulations.

RT differences within the dual-task experiment were similar to those obtained for the
baseline experiment, providing sensitive indicators of response selection manipulations.
(Figure 5) There was a highly significant difference in RT among the four response
selection tasks (F(3,21) = 34.83, p < .001). The expected differences were found between the
spatial and linguistic presentation modes for the direction tasks (345 msec vs 442 msec) and
between the difficulty levels of the memory task (422 msec vs 528 msec). In addition, there
was a significant difference between stimulus modalities: responses to visual stimuli were gen-
erally made more quickly than to auditory stimuli (F (1,7) = 11.62, p < .05). There was,
however, a significant interaction between stimulus modality and response selection task (F
(3,21) = 43.73, p < .001), as was found in the Baseline experiment. RTs were slower for the
V/Spatial than for the A/Spatial tasks, whereas the other tasks were performed more quickly
with visual information than auditory.
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RT for the target acquisition task presented in its single-task configuration was 421
msec, virtually the same time required to perform the simplest response selection/target
acquisition task presented in the dual-task mode (413 msec), and within 100 msec of the most
difficult task (Memory-4). Since the response selection tasks required at least 296 msec
{A/Spatial) and as much as 754 msec (A/Memory-4) to complete by themselves, it is clear that
some of the processing required to complete the response selection portion of the Fittsberg task
and the initial preparation for target acquisition must have progressed in parallel. In every
case, the obtained performance was equal to one half or less of the levels that would be
predicted by simply adding the single task levels. This finding replicates that of earlier stu-
dies.

To adjust the reaction time distributions for the two different population samples (Experiment
1 versus Experiment 2} the following transformation was performed. FEach distribution was con-
verted to z-scores based upon its own mean and standard deviation. A grand mean was then
computed on both distributions and the variances were pooled. The original z-scores were
then multiplied by the square root of the pooled variance and added to the grand mean. This
produces a single distribution with a mean based on all data, while retaining the shapes of the
original distributions. When this transformation was applied, significant overall differences
were found for response selection and stimulus modalities (as found for the experiments indivi-
dually), but no interaction was found between either of these factors and experiment. When
RT for the dual-task was predicted with these transformed scores, obtained RTs were 49%
of the sum of single task levels for the visual modality and 60% of the sum of single task levels
for the auditory modality; a significant difference in the cost of performing complex but
functionally related tasks.

Movement Time

Although MTs were not analyzed within each block of trials to determine whether or not the
linear relationship predicted by Fitts Law between ID and MT held, it was assumed that it
did, as the same set of target configurations had been used in all of the earlier experiments,
where this relationship was found. MTs for the three IDs were combined within each trial
block for subsequent analyses, as each ID occurred the same number of times and no interaction
between target ID and response selection difficulty manipulations was found in any of the ear-
lier studies. No significant differences in MTs due to direction of movement were found for
any of the experimental conditions.

Single-task baseline MTs averaged 888 msec. In contrast, average MTs for the Fittsberg,
dual-task conditions, ranged from 834 to 874 msec across experimental conditions, 100 to 150
msec faster than were obtained in earlier studies and within 48 msec of the baseline level.
{Figure 6} As predicted, there was no significant difference among MTs due to response selec-
tion load. There was, however, a significant difference in MT due to the modality of the
response selection task (F(1,7) = 11.41, p< .01); MTs were significantly longer when the deci-
sion of which of two targets to acquire was presented auditorially than when it was presented
in the same visual modality as the target acquisition task itself. These differences were
observed for every response selection task, ranging from 10 to 100 msec. Thus, there was no
interaction between response selection tasks and modality (F < 1.0). This is the first time that
MT differences have been found due to response selection manipulations for any of the
Fittsberg experiments. It is also the first time that the response selection tasks were presented
auditorially as well as visually. It is possible that there is an extra cost (in MT) for processing
and responding to information presented in one modality and then completing a subsequent
task presented in another. This increase in MT following auditory presentation of a response
selection task occurred even though the output for the response selection task (which initiated
movement toward the correct target) was completed before the MT interval began. These
results were based on correct and non- reversed decisions and, therefore, did not occur as a
result of inaccuracy or indecision.
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Because MTs were influenced by response selection modality, it is not clear whether all of the
initial preparation required to perform a visual target acquisition (as estimated by RT in the
single-target baseline condition) was completed in parallel with and by the end of a response
selection decision if it was based on auditory information. Although target acquisition
preparation could have been transferred to the beginning of the MT interval, given the
design of the Fittsberg paradigm, this does not appear to have occurred in earlier studies, nor
did it occur in the current study. Single-task baseline levels for MT were only 888 msec, 45 msec
slower than the average dual-task MTs. Thus, this can not account for a significant portion
of the 300-500 msec difference in predicted dual-task RTs compared to the sum of the single task
levels and the obtained dual-task values.

Total Response Time

The total response time is the interval between stimulus presentation and target capture (the
sum of RT and MT). Total times ranged from 1200 to 1440 msec across experimental conditions.
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These values ranged from 70 to 81% of the levels that would be predicted by combining
single-task target- acquisition RT, MT, and response selection RT for each condition. The
predicted and obtained total times may be seen in Figure 7a,b. As you can see, there was a sig-
nificant difference due to stimulus modality (F(1,7) = 20.75, p<.001) and response selection task
(F (3,21) = 12.89, p<.001}) when the two measures of performance were combined. There
was mno significant interaction. Obtained levels for the visual modality were 71% of the
predicted levels and 77% for the auditory modality; again a reliable difference in the cost
of performing complex but functionally integrated tasks presented in the same or different
modalities.

Relative importance of workload-related factors {Weights)

The importance placed on eight of the workload-related factors may be seen in Figure 3. The
Activity Type scale was not used, since it had demonstrated so little relationship with
experimental manipulations in the earlier study. For this reason, only 28 pairwise combina-
tions of factors were evaluated and the maximum value that any factor could assume was 7
{(rather than 8). As you can see, there were large difference among subjects, although
Task Difficulty, Own Performance, and Frustration were selected significantly more often than
the rest (F (7,49) = 3.04, p < .01). There was the greatest agreement among subjects about
Physical Effort and the least agreement about Time Pressure and Fatigue. Again, a correla-
tion matrix was obtained to determine the relationships among the individual factors. No
statistically significant correlations were found. The weights for the eight factors in common
between the two experiments were compared to determine the degree of similarity between the
two groups of subjects. The two groups were not found to be significantly different. They
agreed that Physical Effort and Fatigue were relatively unimportant and that Frustra-
tion, Task Difficulty, Stress, and Own Performance were important. Although the differences
were not statistically significant, the two groups disagreed about the importance of Frustration,
Fatigue, and Mental Effort.

Workload Ratings/Derived Score

Again, there were large differences among subjects in the degree to which subjects that felt dif-
ferent factors were present in specific experimental conditions. The grand mean and overall
standard deviations for the nine scales were: TD (24/17); TP (22/13); OP (29/17); ME (25/18);
PE (10/12); FR (21/19); ST (20/18); FA (13/18); and OW (22/18).

Following the procedure used in the first experiment, bipolar ratings were weighted to compute
a derived workload score. The weighted bipolar ratings were compared to those obtained in the
baseline experiment. There was a highly significant difference (F (1,14) = 26.63, p < .001)
between the magnitudes of ratings in the two experiments; they were consistently larger in the
single- task experiment (33) than in the dual-task experiment (21), although between-
subject standard deviations were identical. This may either reflect fundamental differences in the
two groups of subjects, or a difference in the level of experience each had with the Fittsberg
paradigm. The dual-task subjects had many hours of practice with the target acquisition tasks
and a variety of response selection conditions. Thus, their perception of the workload imposed
by the specific conditions included in this study could have been influenced by their previ-
ous experiences. Despite this difference, there were no significant interactions between
experimental group and experimental manipulations (F < 1.0).

Workload ratings followed the same pattern obtained in the baseline experiment and for
RTs. As you can see in Figure 8, there was a significant difference in experienced work-
load among the response selection tasks (F(3,21) = 7.13, p<.01). The most demanding task
was the Memory-4 task (29). The least demanding task was the Spatial task (14). In
addition, there was a significant difference due to stimulus modality (F (1,7} = 13.18, p < .01);
auditory was generally rated as more loading 23) than visual (19). In addition, a significant
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interaction between stimulus modality and response selection task was found (F(3,21) = 13.34,
p<.001), in agreement with the first experiment and RT performance; the Spatial task was
less loading when presented auditorially, whereas the other tasks were more loading. As
expected, the spatial presentation of the directional task was significantly less loading than the
Right/Left version (F {1,7) = 9.52 , p <.01) and the Memory-1 was significantly less loading
than Memory-4 (F (1,7) = 5.29, p <.05), replicating earlier results.
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The correlations among the nine bipolar ratings, weighted workload ratings, and total response
time were obtained. Again, there was wide variation in the degree to which the different scales
covaried with each other. Most of the individual scales were significantly correlated with each
other with the exception of Own Performance, which was independent of the other scales. The
dimensions were not, obviously, orthogonal. Every scale except Own Performance was
significantly correlated with Overall Workload and all scales were significantly correlated with
the derived workload scores, as was found before. None of the subjective measures were
significantly correlated with total time, although they had each reflected many of the same
experimental manipulations individually. This finding provides additional support for the
suggestion that there may be a dissociation between measures of workload and performance
(Wickens & Yeh, 1982; 1983).

Because the basic levels of ratings in the two experiments were so different, they were
transformed employing the technique described earlier for RTs. When this transformation was
applied, the ratings from the two experiments could be compared more directly. No significant
interactions between experiment and experimental manipulations were found. Dual-task work-
load levels were equal to approximately half of the sum of single-task levels for the Spatial
tasks (A and V). For the remaining, tasks, visual/visual conditions were equal to 49% of
the baseline task sum while auditory/visual conditions were equal to 61% of the baseline task
sum. This suggests that there was greater savings (in workload experienced) with tasks presented
in the same sensory modality than for those presented in different modalities (Figure 9a,b).

CONCLUSIONS

This experiment succeeded in answering a number of questions about the influences of
response selection and response execution difficulty and modality on measures of performance and
workload As has been found in earlier experiments with the Fittsberg paradigm, response
selection load significantly affected RT but not MT. Both RT and MT were significantly longer
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when linguistic information required for response selection was presented in a different sensory
modality than the subsequent response execution task. The number of correct responses did
not discriminate between any of the response selection tasks, however the frequency of
reversed decisions did. The weighted averaged bipolar ratings were significantly influenced by
both response  selection  and response execution  difficulty manipulations and the
stimulus-modality compatibility of the two task components.

Even though there were significant and consistent patterns of performance and workload
changes as a result of all experimental manipulations, the correlations among the different meas-
ures were not statistically significant. This reinforces the point made by Wickens and Yeh
(1982; 1983) that measures of workload and performance may dissociate as each is particu-
larly sensitive to different, often subtle, aspects of experimental manipulations. For example,
in the current study, both measures were sensitive to the modality of input and the response
selection load, although there was an interaction between stimulus modality and difficulty for
workload ratings but not for total response time or percent correct. These factors were
independently influenced by each experimental manipulation. For this reason, subjec-
tive evaluations as well as multiple measures of performance are desirable to obtain a
complete understanding of task demand characteristics.

Difficulty manipulations for one or both task components did not result in an interaction for
any measures of performance or workload between single-and dual-task presentations. Such
an interaction might have been expected with a traditional dual-task paradigm. This could
have occurred because the capacity of the subjects was not exceeded by. the task requirements
(although there was a small RT and workload cost for putting the two tasks together), but
this concurrence cost was consistent across difficulty manipulations and did not interact
with level of difficulty. This provides additional support for the assertion that specific types

of task combinations result in different patterns of performance and workload (e.g., either
interference or facilitation).

Workload ratings integrated all task elements; both response selection and response execu-
tion sources of loading were both represented in subjective evaluations. In addition, rat-
ings were sensitive to differences in the workload imposed by the alternative stimulus modalities,
as were measures of speed and accuracy. This occurred even though there was considerable
disagreement among the subjects about which dimensions were considered when evaluat-
ing workload and about the absolute magnitudes of these factors during any specific task.
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As expected, the visually presented response selection tasks were well integrated with the visual
target acquisition components. This physical stimulus compatibility enhanced the fuanec-
tional integration inherent in the Fittsberg design (e.g., the output for one served to initiate the
other). The result was a considerable savings in response time and experienced workload over
what might have been expected by combining single task load or duration levels. In gen-
eral, RTs were 49% of the predicted additive levels, total times were 71% and workload rat-
ings were only 46%. Response preparation for the Fitts target acquisition portion of the task
was elther performed in parallel with {or was replaced by) the response selection requirements of
the combined tasks.

For the auditory display modality, however, the savings were not as great. RTs were 60% of
predicted levels, total response times were 77%, and workload ratings were 56%. In addi-
tion, the requirement to switch from processing an auditory stimulus (in the response selection
task) to acquiring a visually presented target imposed an additional cost of as much as 100
msec that was reflected in increased MTs. This could have occured because of a modality
switching cost. Alternatively, the fact that the visual stimuli remained on the display during tar-
get acquisition allowed reconfirmation of response selection during this phase, whereas auditory
stimuli ended before target acquisition began, thereby requiring echoic memory for reconfirma-
tion. Although all of these values were still less than the sum of single task levels, the savings
in performance time and workload were not as great. For response selection tasks that
shared the least processing requirements with the response execution task (e.g., the Memory-4
task), the obtained values approached 80% of the levels predicted by adding single task levels.
For this task, the additional requirement of a four-item memory search task (particularly
when conducted with auditory stimuli) required a significant amount of time and effort on the
part of the subjects, yet only the final decision of "yes" or "no" was directly related to the sub-
sequent target acquisition.

These results would not be predicted in traditional dual-task paradigms where it is com-
monly found that concurrent tasks presented in different sensory modalities impose
less interference and workload, and those in the same modalities, more. Instead, it was
found that both functional and physical integration of task components resulted in a facilita-
tion of performance and a reduction in rated workload that were often less than either single-
task level. These results suggest the importance of evaluating the relationships among task
components when considering display modalities in operational environments. It would appear
that concurrent but independent tasks would be best presented in different sensory modalities
to reduce the competition for resources if stimulus/response compatibility is not grossly
violated. For task elements that are functionally related, however, the opposite might be
true. Task components should be presented in the same sensory modality to enhance an
operator’s ability to perceive them as an integral unit (thereby reducing the perception of
workload) and to reduce the need to switch information obtained from one sensory modal-
ity to subsequent activities displayed in another.
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Abstract

Seven instrument-rated pilots with a wide range of backgrounds and
experience levels flew four different scenarios on a fixed-base simulator.
The Baseline scenario was the simplest of the four and had few mental and
physical tasks. An Activity scenario had many physical but few mental
tasks. The Planning scenario had few physical and many mental tasks. A
Combined scenario had high mental and physical task loads. The magnitude of
each pilot's altitude and airspeed deviations was measured, subjective
workload ratings were recorded, and the degree of pilot compliance with
assigned memory/planning tasks was noted.

Mental and physical performance was a strong function of the manual activity
level, but not influenced by the mental task load. High manual task loads
resulted in a large percentage of mental errors even under low mental task
loads. Although all the pilots gave similar subjective ratings when the
manual task load was high, subjective ratings showed greater individual
differences with high mental task loads. Altitude or airspeed deviations
and subjectlive ratings were most correlated when the total task load was
very high. Although airspeed deviations, altitude deviations, and
subjective workload ratings were similar for both low experience and high
experience pilots, at very high total task loads, mental performance was
much lower for the low experience pilots.

Research Supported by NASA Ames Research Center
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I. INTRODUCTION

Cockpit design practices of the last 15 years share a common thread: the
degree and complexity of automation is increasing and accelerating. Current
state—of-the~art designs such as the Boeing 757, 767, and Airbus Industries
A310 have radically changed flight deck activities. Future designs, such as
the U.S. Air Force's proposed Advanced Technology Fighter and the Navy's
Advanced Combat Aircraft will demand far greater levels of automation
because of the requirement to operate in an extremely hostile, changing
environment.

Expert systems and artificial intelligence will reduce or eliminate certain
types of pilot workload. However, in some instances they may simply change
the type of workload. Pilots are operating less as manual controllers and

more as supervisory controllers.

The increased time and effort expended in monitoring aircraft equipment has
raised concerns that in automating aircraft we may be raising the pilot's
mental workload to unacceptable levels (or conversely, lowering it to
undesirable levels). Thus, there is great interest in measuring this mental
workload and its effects., However, measuring mental workload has been a
difficult problem to solve.

Different researchers and different segments of the engineering and design
communities have defined mental workload differently. Systems engineers,
psychologists, and physiologists all have their own models of mental
workload and their own methods of measuring it.

However, over the last decade, there has been a growing consensus that: a)
mental workload is multidimensional in nature; and b) because of this
multidimensionality, the "best” approach to measuring mental workload is to
combine objective performance measures and subjective rating measures.

1. OBJECTIVES

This research examines several issues relating to mental workload. First,
how does automation affect pilot mental workload? Since mental workload is
nultidimensional, automation may affect each dimension differently. Second,
how does the level of mental workload aftect physical and mental
performance? Third, is the magnitude of a pilot's mental workload a
function of the time between receiving instructions and executing tnem?

III. SIMULATIOR CONFIGURATION

Figure 1 pictures the laboratory flight simulator enviromment for this
project. The volunteer pilot subjects manipulate controls and switches on a
control box while getting aircraft state information from a MEGATEK high
resolution cathode ray tube (CRT) display (Figure 2). The MEGATEK displays
flight instruments, aircraft and equipment configuration, and a forward
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perspective view. The investigator has his own video display terminal (VDT)
and keyboard for controlling the system.

A drawing of the Control Box is shown in Figure 3. The subject interprets
the flight information displayed on the MEGATEK and manipulates the controls
and switches on the Control Box to make the "aircraft” respond in a desired
fashion. Control Box signals are fed to a PDP/11l Computer. The Computer's
simulation program takes the present aircraft state information, Control Box
inputs, and the investigator's Keyboard commands to determine aircraft
dynamics and a new aircraft state. The information is used to update the
MEGATEK and VDT displays.

A great deal of experimental trial and error went into making the
simulator's response as close as possible to the response of an actual
aircraft. A number of pilots came to the lab, flew the simulator, aund
evaluated its handling qualities. Eventually, the simulation fidelity was
brought to a high level, including realistic stall and landing
characteristics.

The Computer stores all Control Box switch or control manipulations and
stores aircraft state data every 10.0 seconds. This data can be displayed
on the investigator's VDT or printed out on a Line Printer.

IV. SUBJECTS

Initially, approximately 30 pilots volunteered to participate. Although we
had hoped to use at least a dozen pilots of varied background, the list of
30 was eventually reduced to 7. Unfamiliarity with the flight
characteristics of high performance aircraft and the simulator's ADI/HSI1
display, and the inability to devote the time needed for qualifying on the
simulator and flying the data runs eliminated most of the pilots.

All seven subjects were good pilots, and there was a good mix of

experience, Three subjects were Air Force pilots with 2400 to 3200 hours of
flight time. Two pilots were Certified Flight Instructors with instrument
ratings. The four civilian pilots ranged in experience from 300 total hours
to 3000 total hours and had between 50 and 250 hours of instrument time.

V. EXPERIMENTAL DESIGN

Four different scenarios were flown using one basic route, illustrated in
Figure 4. The four scenarios were labeled Baseline, Activity, Plamning, and
Combined. The Baseline scenario was the easiest. 1t simulated a "normal”
flight and the pilots were encouraged to use the autopilot to keep workload
at a minimum. There were no directed deviations from the basic cuurse, aund
airspeed and altitude changes were rare. Also, there were very few assigned
memory or planning tasks.
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A data session cousisted of a Baseline run followed by one of the other
scenarios. The Baseline scenario was used as a warm-up data run and as a
calibration run. ZEach second run's data was compared to that session's
Baseline run. Baseline performance and ratings for different sessions could
then be compared to adjust the data for variations due to day-to-day
differences such as fatigue, stress, emotiomal state, et cetera.

The Activity scenario was loaded with a large number of manual-countrol
tasks, but like the Baseline scenario, had a light plamning task load. The
pilots flew this scenario without using the autopilot.

The Planning scenarlo was very different from the Activity scenario. It was
almost identical in manual activity to the Baseline scenario, (and thus, had
a low activity level) but instead of being directed to perform actions
immediately, the pilots were directed to perform these actions at a certain
time in the future. These instructions often involved overlapping time
periods, and the requests were not ordered chronologically. For example,
prior to 2:00 minutes the pilot might be told to descend 1000 feet at 5:00
minutes, then told to turn to 300 degrees heading at 13:30 minutes, then to
slow to 190 knots at 8:00 minutes. Therefore, the pilots had to "plan
ahead”.

The Combined scenario was designed to be the most difficult of all. 1t
combined the manual activity of the Activity scenario with the planning
requirements of the Planning scemario. This was an effort to saturate the
pilots. The pilots were allowed to use the autopilot for help, but the pace
of this scenario usually limited its use.

Figure 5 lists the order in which each pilot flew each of the non-Baseline
scenarios. Different pilots flew the various scenarios in ditterent
orders. However, they all began each session's data runs with a Baseline
run. The other three scenarios were not truly order randomized, but they
were mixed. No pilot flew the Combined scenario in the first session. It
was so unusually difficult, it was felt that this scenario might create an
impossible workload for any pilot flying it first.

A Navigation Chart (Figure 4) and a note pad were provided for each pilot's
use, Also, special placards were displayed beneath the instrument display
to glve configuration/airspeed data and help the pilots with the various
lateral and longitudinal autopilot modes.

Ground tracks, altitude profiles, and airspeed profiles provided in

Figures 6 through 9, clearly illustrate some of the differences ana
similarities of the various scenarios. Those three items were nearly
identical for the Baseline and Planning scenarios, and for the Activity and
Combined scenarios. Figure 6 shows the ground track for the Baseline and
Planning scenarios while Figure 7 shows the ground track for the Activity
and Combined scenarios. Note the large number of heading changes for the
Activity/Combined scenarios. In the Activity and Combined scenarios the
subjects were given new headings, altitudes, and airspeeds each 2 minutes
for the first 5 minutes, each minute for the next 10 minutes, and each 30
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Figure 7: Nominsl ground track for the Activity and Combined scenarios
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seconds for the final 10 minutes. At several points, pilots were given
instructions to contact ARTCC rather than perform some task. Figure 8 is an
airspeed versus time plot for the various scenarios. There are 31 airspeed
changes for the Activity and Combined scenarios and 3 for the Baseline and
Planning scenarios. Finally, Figure 9 shows altitude versus time. The
Activity and Combined scenarios have 21 directed altitude changes to 5 for
the Baseline and Planning scenarios.

Each mental or physical task was evaluated and assigned a number of
"workload units", The total number of workload units (WU's) and the
workload unit rate were used to compare the four scenarios. An extensive
explanation of the method used to calculate these workload units can be
found in Berg and Sheridan, 1984.

Each scenario had a number of planning tasks. These planning tasks were
categorized as either Short—term, Medium~term, or Long-term. We arbitrarily
defined a short~term planning task as lasting from 0 to 4 minutes, a
medium-term task lasting from 4 to 12 minutes, and a long-term task lasting
over 12 minutes. The average short-term task was 2.6 minutes long, the
average medium task was 7.2 minutes, and the average long—term task was 16.6
minutes,

Figure 10 summarizes the information for all four scemarios. Note that the
Planning and Combined scenarios have about 5 times as many planning WU's as
the Baseline and Activity scenarios. Also, the Activity ana Combined
scenarios have roughly 5 times as many activity WU's as the Baseline and
Planning scenarios. Finally, the Planning and Combined scenarios have
almost 8 times as many planning tasks as the Baseline and Activity scenarios.

In recognition of Miller's (1956) findings about human limits on immediate
memory, the number of simultaneous planning tasks never exceeded 9.

Although the Planning and Combined scenarios had what seemed to the subjects
to be an intense level of simultaneous plamning tasks, the mean number of
simultaneous planning tasks was only 5.0, with a standard deviation of 1l.b.

Figures 11 and 12 portray some of this workload data graphically. Figure 11
is a plot of the accumulated number of activity WU's as a function of time.
Figure 12 is a plot of the accumulated number of plamning WU's as a function
of time. Note not only the difference between dissimilar scenarios, but
also the similar workload rates for scenarios with similar types of workload.

VI. TRAINING AND INSTRUCTIONS
In addition to the initial screening sessions, each pilot participated in 4
to 10 hours of additional training. Three of the four piiots had fluwn the
simulator before, but had never used the autopilot. They required about 4

hours of additional practice.

This autopilot is different from most commercial equipment. Longitudinal
and Lateral modes must be engaged separately, adding one additiomal step in
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selecting some autopilot functions.

Before a session's data ruus, pilots “"warmed up” by flying instrument
approaches, turns to headings, etc., for 20 to 30 minutes. After this warm
up period, the pilots were handed an Instruction Sheet, the Subjective
Ratings/Comments Sheet shown in Figure 13, and a sheet which explained the
scale to be used in making the subjective ratings.

In the instructions, pilots were told to fly "as well as you can” and follow
all directions "to the best of your ability"”. They were also told that they
would be scored on their ability to “"follow instructions and comply with
requests”. Thus, they had no idea which parameter(s) would be measured.

Any or all might be scored.

As explained in the instructions, the simulation was "frozen" for subjective
ratings at 5:00, 16:00, and 27:00 minutes elapsed time. The desired method
for scoring subjective ratings was explained, and the subjects warned that
only one minute would be allowed for making the ratings during each break.
Preliminary experiments had shown that the pilots only required about 20 to
30 seconds to make these ratings.

After each run, the pilots were debriefed and asked to put auny comments or
explanations on the rear of the Rating Sheet.

VII. DAYA

Every 10 seconds, the computer recorded the aircraft's airspeed and x, vy,
and z position. This data yielded a ground track, and by comparing position
and elapsed time, desired altitudes and airspeeds were determined. This
information was then compared with the actual airspeeds and altitudes to
derive altitude and airspeed error. Altitude errors were not computed
during directed climbs and descents and airspeed errors were not computed
during directed airspeed changes. Pilots were expected to climb or descend
at a minimum of 1000 feet per minute and accelerate or decelerate to the
desired airspeed within 30 seconds or at a rate of at least 50 knots per
minute for airspeed changes greater than 25 knots. These rates of change
are consisted with recommended piloting techniques.

Ground tracks were plotted for reference, but deviations from the nominal
ground track were not scored.

Altitude deviations seemed to be the "best” objective measure to use.
However, with only one objective measure, it was possible that pilots might
give higher priority to one aspect of aircraft control than another. Thus,
airspeed deviations were scored to serve as a check. Both variables were
scored with mean absolute and RMS deviatioms.

Five experimentally proven subjective ratings were used in order to examine

the multi-dimensionality of the mental workload. These ratings were
ACTIVITY LEVEL, COMPLEXITY, DIFFICULTY, STRESS, and WORKLOAD. Ratings were
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SCENARIO | SEGMENT MEAN STD DEV RMS
Baseline I 39.1 18.7 50.6
I 41.4 24.0 51.0

III 30.6 13.8 41.4

Overall 37.0 19.0 47.7

Activity I 114.4 110.5 147 .8
II 97.7 24.8 153.3

III 138.0 36.6 199.0

Overall 116.7 67.3 166.7

Planning I 19.5 23.0 23.5
I 47.8 19.1 56.6

III 55.6 34.0 60.4

Overall 41.0 29.5 46.8

Combined I 93.5 85.6 131.7
1I 122.4 77.5 198.2

I1I 154.8 81.8 204.9

Overall 123.6 81.7 178.3

Figure 14:
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made at three points during each run. Subjects were not asked to make an
overall rating because overall ratings made during previous experiments were
nearly identical to the arithmetic mean of the segment ratings ana we
believed the same would be true here.

The distance from the left edge of each scale to each pilot rating was
measured, divided by the total scale length, and multiplied by ten. This
gave subjective ratings with a possible range of 0 to 10.

An integral aspect of this set of experiments was an investigation into mnot
only the degree of mental workload, but also the effect this efftort had on
observable pilot behavior. Thus, in addition to the aircraft control
measures and subjective ratings just discussed, other aspects of pilot
behavior were also measured.

During each run, notes were made on the pilot's compliance 1n carrying out
assigned planning or memory tasks. All pilots were assigned specific
elapsed times (clearly displayed on the instrument panel) at which to
perform these tasks. Each pilot was given + 15 seconds from the designated
time in which to begin the task. If a task was begun outside these limits,
it was noted. When a task was performed improperly, for example climbing to
a wrong altitude or accelerating 10 knots instead of climbing 100U feet,
this was also noted. A third type of mental error was forgetting or missing
an item entirely.

A final source of information was post—run debriefings. The pilots had many
interesting and useful insights into mental workload, stress, and their
affect on performance.

VIII. RESULTS

Learning effects

The Objective and Subjective data was examined for "learming effects”.

Using Student t—test and F-test techniques, we found no significant learning
effect for altitude or airspeed deviations for any of the four scenarios.

Each session's Baseline run acted as a “"warm up” run and served as a
day—-to—day metric for the Subjective ratings. For each Subjective rating,
the Baseline run ratings were averaged across all seven pilots and all three
runs for each pilot. This yielded an overall mean baseline rating. 1his
mean rating was added to the difference of a session's Baseline rating and
second run (Activity, Planning, or Combined) rating. This gave an
"adjusted” second run rating. The intent was to compensate for day-to-day
differences in emotional state, stress, fatigue, et cetera.

Using these adjusted subjective ratings, there was no "learning effect" for
any of the ratings for the Activity scenario. For the Planning scenario,
only the WORKLOAD ratings showed a learning effect (80 percent confidence
level).
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So, the extensive training, the modifled counterbalancing of scemarios and
subjects, and "adjusting"” the subjective ratings appears to have minimized
learning effect for the Activity and Planning scenarios.

However, there was some evidence of learning effect for the Combined
scenario. Three subjective ratings were lower for the third sessions than
the second sessions. The effect was at an 80 percent confidence level for
COMPLEXITY ratings. Since post-run debriefings showed that COMPLEX11Y
ratings were closely tied to the pilots' ease with the autopilot, this may
be due to greater familiarity with the device. Learning eftect was at a
much stronger 95 percent confidence level for the DIFFICULTY and WORKLOAD
ratings. None of the practice rounds were nearly as intense as the Combined
scenario. Furthermore, the Combined scenario was a combination of the
Activity and Planning scenarios. Thus, subjects who had seen both the
Activity and Planning scenarios before flying the Combined scenario had an
advantage over those who flew the Combined scenario after flying only one of
the others.

Finally, an analysis of variance showed no statistically significaunt
difference for planning task performance for any scenario,

Objective activity performance results

Altitude and Airspeed error data was synthesized from the computer's
output. Altitude error data is summarized in Figure 14. Note the standard
deviation data in Figure 1l4. The bulk of pilot deviations tended to lie
near the mean. However, there was usually some pilot whose deviations took
an extreme, isolated jump, inflating the standard deviation for the group.

In general, just as the WU rate increased from Segment I to Segment I1I, so
did altitude deviations (see Figure 15). Segment-to-segment mean absolute
error differences were significant at a 90 percent confidence level for the
Combined scenario, 95 percent for the Baseline and Activity scenarios, and
99 percent for the Planning scenario. The larger spread of individual
performance in the Combined scenario was responsible for its lower
confidence level.

As Figure 15 shows, there was a considerable difference (9Y percent
confidence level) between the manually controlled Combined and Activity
scenarios and the autopilot controlled Planning and Baseline scenarios. The
average deviation was 3.1 times greater (120.2 feet versus 39.0 feet) under
manual control, and the rms deviation was 3.6 times greater (172.5 feet
versus 47.3 feet). However, it should be noted that the manually controlled
Combined and Activity scenarios also had much more difficult altitude
profiles than the autopilot controlled scenarios. (See Figure 9)

Interestingly, the magnitude of mental tasking had no significant impact on
the magnitude of the altitude deviations. The Baseline scenario's altitude
deviations were statistically similar to those of the Planning scenario, the
latter differing from the former solely in having a large number of mental
planning tasks. Similarly, the mentally easy Activity and mentally
demanding Combined scenarios were statistically identical.
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Airspeed error data was also synthesized from the computer's output and is
summarized in Figure 16. Like the altitude deviation data, some of the
large standard deviations in Figure 16 are due to some pilot's momentary
lapse. Most of the deviation data was fairly consistent in magnitude.

Segment—-to-segment differences were significant for all four scenarios (See
Figure 17). For mean absolute airspeed errors, the segments differed at a
90 percent confidence level for the Activity scenario and a 99 percent level
for the Baseline, Planning, and Combined scenarios. RMS airspeed errors
differed at a 95 percent confidence level for the Baseline and Activity
scenarios and a 99 percent confidence level for the Planning and Combined
scenarijios.

Like the altitude deviation data, the magnitude of airspeed errors was a
strong function of the mode of aircraft control. As shown in Figure 17,
when airspeed was under manual control, deviations were much greater than
when airspeed was under autopilot control. The difference was statistically
significant at a 99 percent confidence level for mean absolute error and a
98 percent level for rms errors. Again, part of this result may be due to
the much more difficult airspeed profile for the manually controlled
scenarios (See Figure 8). This airspeed deviation data also showed little
mental tasking effect. There was no significant difference between
scenarios which had similar manual activity levels but different plamning
workloads.

Both altitude and airspeed deviations were similar for all the pilots. In
general, the low experience pilots had slightly higher deviations than the
most experienced pilots. However, there was enough scatter in the data to
keep the differences statistically insignificant.

This objective data showed only a hint of performance degradation due to
pilot workload saturation. During the Activity scenario rums, only two
pilots out of seven had average mean altitude deviations greater than 150
feet in Segment III, and two other pilots had average mean airspeed
deviations greater than 15 knots in Segment III. For the Combined scenario,
the number of saturated pilots rose to three for the altitude deviations and
remained at 2 for the airspeed deviatioms.

Within each scenario, there was no significant correlation between airspeed
and altitude deviations because different individuals traded—~off airspeed
and altitude control during all four scenarios. However, overall scenario
airspeed and altitude control were correlated. The Baseline and Planning
scenarios had low deviations for each score and the Activity and Combined
scenarios had high deviations for both scores.

Subjective ratings results

The Subjective Rating data was useful because it illustrated the impression
these scenarios were making in the minds of the pilots. Thus, although only
an indirect measure, one would expect these ratings to provide a better
indication of mental workload than objective performance data.
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SCENARIO | SEGMENT

| mEan

STID DEV RMS

Baseline I 1.9 0.7 2.9
II 3.9 0.7 5.0

III 3.4 1.9 4.4

Overall 3.1 1.4 4.1

Activity I 7.9 6.6 9.2
II 9.5 4,3 12.5

III 11.9 5.9 15.5

Overall 9.8 5.7 12.4

Planning I 0.7 0.4 1.0
II 3.7 2.4 4.0

11T 3.3 1.9 3.9

Overall 2.6 2.2 3.0

Combined I 5.2 2.4 6.2
II 11.0 4.5 14.3

I1I 9.6 4.2 13.2

Overall | 8.6 4.4 11.2

Figure 16: Overall mean absolute and rms

airspeed deviations

(knots)

20

KNOTS

15

MEAN ABSOLUTE DEVIATIONS

*A
«C

T =
vae
-l

1 ]

Scgments

3 A
Overall

KNOTS

RMS DEVIATIONS

*A
°C

Bt
° P

-

Segments

Figure 17: Average airspeed deviations for the Baseline (B), Activity (A),

Planning (P), and Combined (C) scenarios
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Figure 18 gives the subjective rating data averaged over all the pilots for
each segment, scenario, and category. Note that the standard deviation data
is very consistent from rating to rating and scenario to scenario.
Individual ratings did not exhibit the wide variations present in the
altitude and airspeed deviation data.

In general, subjective ratings for the five categories were similar for the
Activity and Planning scenarios, but statistically different for those two
scenarios and the Combined scenario. The Combined scenario ratings were
statistically different from the Activity and Planning scenarios at a 90
percent confidence level for the WORKLOAD and DIFFICULYY ratings, a 98
percent confidence level for the ACTIVITY LEVEL ratings, and a 99 percent
confidence level for the COMPLEXITY and STRESS ratings. The averaged
ratings for each scenario, segment, and subjective category are plotted in
Figures 19, 20, 21, 22, and 23.

The Planning scenario was essentially a Baseline scenario with an aaded
mental task load component. The Activity scenario was a Baseline scenario
complicated by a great deal of manual control work. The Combined scenario
was a combination of the Activity and Planning scenarios. Therefore, the
construction of the scenarios and the results plotted in Figures 1Y to 43
led us to investigate whether this construct was reflected in the subjective
ratings.

For all five ratings, we found the incremental difference between the
Baseline scenario and each of the other three scenarios. We then examined
how the sum of these increments for the Activity and Planning scenarios
compared with the incremental Combined ratings. For example, suppose that
the Baseline rating for DIFFICULTY was 3.0 and the DIFFICULLYY ratings for
the Activity, Planning, and Combined scenarios were 5.0, 5.3, and 7.5
respectively. The incremental ratings for the Activity, Planning, and
Combined ratings would then be 2.0, 2.3, and 4.5. The sum of the Activity
and Planning scenario increments would be 4.3. This increment (averaged
with the increments for all the other pilot's increments) was compared with
the Combined scenario's increment of 4.5 (averaged with the other pilot's
Combined scenario increments).

For all five subjective ratings, the sums of the Activity and Planning
increments were not statistically different from the incremental Combined
ratings.

In view of the well established fact that the magnitude of subjective
perception is logarithmically related to stimulus magnitude, this nearly
linear response was somewhat surprising. At no point wevre the pilots ever
told that the Combined scemario contained the sum of manual and mental tasks
from the Activity and Planning scenarios. However, although this result may
be useful when going from low or moderate workloads to high workloads, this
linearity must obviously break down when trying to go from high workloads to
even greater workloads.

How difficult did the pilots think the three uon—Baseline scenarios were?
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Il SEQMENT | 0
SCENARIO T 1 3 (II | Overall Scd Dev ¢
BASELINE
Activicy Lavel 2.6 2.8 3.5 3. 0.9 RATING
Complaxicy 2.3 2.5 3.4 2.7 1.0 UNITS
Difftculey 2.2 2.4 3.1 2.6 0.8 8y -
Stress 2.0 2.1 3.0 .4 Q0.7 A
Workload 1.8 2.2 2.8 2.3 0.5 r P
ACTIVITY A
Activicy Level 5.4 5.7 7.3 6.5 1.2 6k .
Complexicy 3.6 5.0 5.7 4.7 1.3 -e
Difficuley 4.5 6.0 5.7 5.7 1.1 L
Stress 3.7 4.9 6.1 4.9 1.1
Horiload 3.9 5.5 7.0 5.5 1.4
2LANNING ér
Accivity Lavel 4.1 5.1 7.0 5.4 1.4 8
Complexity 4.1 4.6 5.9 5.8 1.3 r * B
Difftculey 3.3 4.0 6.3 4.6 1.1
Stress 3.3 3.9 5.3 4.2 1.2 2r
Workload 3.9 4.7 6.2 4.9 1.2
COMBINED L
Activivy Level 5.9 8.3 9.8 8.0 1.1
Complaxity 5.4 6.9 8.5 6.9 1.6 , . \ L
Difficulty 5.9 7.8 9.1 7.6 1.7 1 2 3 A
Strass 5.5 7.6 8.9 7.3 1.3 Segments Overall
Workload 5.7 7.7 9.6 1.7 1.8
Figure 19: Averaga subjectiva ACTIVITY LEVEL ratings for the
Figure 18: Average Subjactive Ratings for each Segment Baseline (B), Activity (A), Planning (P),
and Combined (C) scenarios
(Adjusted)
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Figure 20: Average subjective COMPLEXITY ratings for tha
Baseline (B), Activity (A), Planning (P),
and Combined (C) scenarios

Figure 21: Average subjective DIFFICULTY ratings for the
Baseiine (B), Activity (A), Planning (P),
and Combined (C) scenarios
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Figure 22: Average subjective STRESS ratings for the
Bageline (B), Activity (A), Plamning (P),
and Combined (C) scenarios
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Figure 23: Average subjective WORKLOAD ratings for the
Baseline (B), Activity (A), Planning (P),
and Combined (C) scenarios

SCENARIO Activity Planning Combined

DEVIATION TYPE gean 4.1 mean s mean ros
Activity Level L4010 .805 .880 .782 986 .953
Complexity .389 797 .843 777 2999 .896
Difficulty .403 . 807 .817 L7486 L9900  .945
Stress .583 .91l 428 .792 .986 .954
Workload .568 .903 .882  .823 999 911

Figure 24: Pearson Product-Moment Correlation Coefficient
for aggregate Altitude Deviations and
Subjective Ratings

i SEGMENT
I II III
Activity Level 5.8 7.4 9.6
Complexity 6.5 6.8 8.3
Difficulty 4.5 4.1 11.0
Stress 1.1 3.0 3.1
Workload 5.5 5.6 10.0
Altitude Error: Mean 11.9 59.8 110.6
RMS 12.7 60.3 110.6
Airspeed Error: Mean 1.2 4.1 7.3
RMS 2.1 4.2 7.3

Figure 25: Example of related performance deterioration and
subjective saturation: Pilot C; Planning Scenario
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The only scenario which consistently "saturated"” pilots was the Combined
scenario. If one defines a "saturated” pilot as one who scores a subjective
rating category at 9.0 or higher, the Activity scenario was least likely to
saturate pilots. This is interesting because when there were signiticant
differences between the Activity and Planning scenario ratings, the Activity
scenario rating was always slightly higher. Thus, certain individuals found
the Planning scenario very difficult, while the pilots as a group, found the
Planning scenario slightly less demanding than the Activity scemario.

For the Activity scenario, there was one saturated rating for WORKLOAD. For
the Planning scenario, there were two saturated ratings for ACTIVITY LEVEL,
and one each for DIFFICULTY and WORKLOAD. For the Combined scenario, there
were five saturated ratings for ACTIVITY LEVEL and WORKLOAD, four for
DIFFICULTY and STRESS, and two for COMPLEXITY.

These experiments verified that on a subjective level, a difficult, purely
mental task load can equal a difficult, purely manual task load. In
general, all the subjective category ratings were similar for the Planning
and Activity scenarios.

There was no consistent correlation between subjective ratings and a pilot's
experience level. This is not surprising since there is no universal
subjective mental metric. Two persons working equally hard may rate their
workloads very differeantly. They have different utilities, and one person
may use a linear scale while another uses a logarithmic, and still another,
an exponential scale.

Objective activity performance versus subjective ratings

We looked for a correlation in altitude or airspeed deviations with each
pilot's subjective ratings. On an individual basis, objective activity
performance data and subjective ratings were uncorrelated. This result was
not unexpected, and had been reported previously. See, for example, the
short discussion in Kantowitz, Hart, and Bortolussi, 1983,

Nevertheless, in the aggregate, objective performance data was correlated
with subjective ratings. Using Pearson's Product-Moment Correlation
Coefficient, "r", rms altitude errors weakly correlated with the
corresponding subjective ratings for the Activity scenario (See Figure 24).
ACTIVITY LEVEL, COMPLEXITY, and DIFFICULTY correlated with an "r" of 0.8
(.805; .797; .807). For the STRESS and WORKLOAD ratings, "r" was about 0.9
(.911; .903).

Correlations were slightly better for the Planning scenario. Mean absolute
altitude deviations and ACTIVITY LEVEL had an "r" of .880. COMPLEXITY,
DIFFICULTY and WORKLOAD had "r's"™ of .843, .817, and .882, Mean altitude
errors did not correlate with STRESS, but rms errors did: .792. The ability
of the rms error data to correlate with STRESS ratings better than the mean
deviation data did might be due to the fact that the rms data weights large
errors more heavily than small errors. Intuitively, beyond a certain point,
stress should be an exponential function of the magnitude of deviations.
Thus, large deviations would be better reflected in the rms values and
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STRESS ratings.

There was excellent correlation between mean absolute error data and all
five ratings for the Combined scenario. The lowest "r" was for STRESS,
(.986) with COMPLEXITY having an “r" of .9999. Because the pilots were
heavily loaded during the Combined scenario, they may have been operating
near their personal limits. This may have lessened differences in
proficlency resulting in the good correlation between objective performance
data and the subjective ratings.

Tulga and Sheridan, 1980, reported that once a subject passed "saturation",
performance deteriorated sharply. While flying the Planning scenario,

Pilot C crashed during Segment III. Figure 25 lists relevant data for
Segments I, II, and III for this pilot. Although he reported ouly low
STRESS, the other four subjective factors sharply increased from Segment I1
to Segment III. Likewise, note that his mean absolute and rms altitude
errors increased by 85 percent and 83 percent, and the corresponding
airspeed errors increased by 78 percent and 74 percent from Segment II to
Segment III. Although one can argue about which was cause and which was
effect, mental saturation accompanied a severe performance degradation.

Planning/memory task performance

As workload increased, there were a number of ways that each pilot could
respond to these requests for some action at a future time. They could fail
to perform a task, choosing not to do it or simply forgetting to do it.

They could also perform the task incorrectly, do some unrequested task, or
perform the required task at some time other tham the directed time.

Overall planning task error percentages for each scenario are plotted in
Figure 26.

Although the planning task load for the Baseline and Activity scenarios was
the same, the overall error percentage was much higher for the Activity
scenario. Similarly, although the Planning and Combined scenarios had
similar planning task loads, the Combined scenario percentage was much
higher (and differed at a 9Y percent confidence level). The Planning and
Activity scenarios had similar Subjective ratings, but their mental task
performance data was very different. A high manual workload had a profound
effect, increasing errors.

The standard deviations for the overall error percentages varied widely from
scenario to scenario., For the Baseline and Plamning scenarios where the
error percentages were low, standard deviations were only 8.8 and 13.4
percent respectively. The difficult Combined scenario had a standard
deviation of 27.2 percent, indicating more variability among the pilots.

The Activity scenario showed the greatest variability. The low number of
mental tasks and the high error percentages for some pilots resulted in a
standard deviation of 51.4.

Figure 27 illustrates the error percentages for each segment and scenario.

The performance for the Planning and Combined scenarios was virtually
identical for Segment I. However, for Segments II and III, the difference
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between the two scenarios was significant at the 99.9 percent contidence
level. Although individual performance differed a great deal, the data
suggests that at low or moderate leveis, wanual control workload does not
affect mental performance., Sufficient cognitive reserve exists to handle
all tasks. However, at relatively high manual control levels, cognitive
reserves disappear and mental performance deteriorates. Figure 26 suggests
that this mental deterioration may even be evident for low levelis of mental
tasking, such as in the Activity scenario.

The various planning tasks were categorized as Long-term, Medium-term, or
Short-term based upon the length of time the pilot had from receiving the
task assignment to performing it. When aggregated for each scemario, the
data yields the plot shown in Figure 28. Analyzing the error percentages
for each scenario, there was no statistically significant difference between
the three different task time spans. This was probably because the pilots
were allowed to take notes. Additional errors probably arose in the
Short-term tasks when the pilots struggled to plan and perform these tasks
in a very busy environment. Thus, they would miss some tasks or perform
them late. This balanced the errors engendered in the Long-term tasks by
the pilots forgetting about tasks.

An analysis of the data supports this hypothesis. There were no Long-term
planning errors due to performing an action at the wrong time. However, 33
percent of the Short-term and 53 percent of the Medium—-term errors were due
to performing an action at the wrong time.

Planning task errors for all three time spans were affected by
manual-control activity. Note in Figure 28 that the two low manual workload
scenarios (Baseline and Planning) had low error percentages while both high
manual workload scenarios (Activity and Combined) had high error
percentages. The Activity scenario had a high error percentage even though
its planning task load was low.

Looking only at the two scenarios (Planning and Combinea) with a high
planning task load, the differences between the scenarios was statistically
significant for all three time spans. Differences were significant at an 8U
percent confidence level for medium-length tasks, at a 95 percent level for
long-term tasks, and 98 percent level for short-term tasks. Thus, the level
of manual control was again decisive in determining mental performance. The
data was too coarse and individual pilot performance was too variable to
make standard deviation data useful.

Only the Planning and Combined scenarios had Short-term planning tasks.
Examining Figure 29, differences between the Planning and Combined scenarios
for Short-term planning tasks were not statistically significant in

Segment I. However, the differences were at a 98 percent confidence level
for Segments II and III, when workloads were higher.

All four scenarios had Medium-term planning tasks. Looking at Figure 30,

there was no statistically significant difference between the scenarios in
Segments I or II. However, in Segment III, the highest workload segment,
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the Combined scenario errors were higher than the Planning scenario errors
(90 percent confidence level)., The Plamning and Activity difference was
even greater (at a 95 percent confidence level). The Activity and the
Combined scenarios, and the Plamning and Baseline scenarios were
statistically similar. Once again, at high overall workload levels, the
presence of a high manual task load made a significant difference.

Figure 31 is a plot of the Long-term planning task results, In Segment IIL,
the Planning and Combined scenarios were statistically indestinguishable.
However, at the higher workload level of Segment III, the error percentage
for the Combined scenario was clearly greater (90 percent confidence level).

The Activity and Planning scenarios had moderate manual or mental workloads,
respectively. At these levels, error percentages were similar for all of
the pilots. However, some differences arose in the high workload Combined
scenario. The low experience pilots averaged 14.0 task errors while the
high experience pilots averaged 7.3 task errors. Thus, there were signs of
experience related saturation in this mental performance data which was much
less obvious in the objective performance data and subjective rating data.
This difference was verified at a 95 percent confidence level.

The number of individual planning errors and individual altitude or airspeed
deviations were not correlated. Nor were planning errors and subjective
ratings. However, in the aggregate, altitude and airspeed deviations,
subjective ratings, and the number of planning errors all increased with
increasing task loads.

Pilot comments

The planning task instructions given to the pilots were seldom in
chronological order. This was done to make the planning function more
difficult. This strategy apparently worked, since several subjects
mentioned that instructions "mixed in time"™ were difficult to organize.

Some pilots considered the autopilot a hindrance while others found it a
useful aid. Several pilots stated that when things "really got busy”, the
autopilot was the only thing which kept workload at a manageable level.

But, several pilots reported that having to plan how to use the autopilot
was worse than the demanding manual control work. An oft-reported result is
once again clear: if the initial set-up or programming of a "pilot aid" is
difficult or unduly time consuming, pilots will use manual procedures and
avoid its use.

A number of the pilots stated that planning and memory items tended to get
second priority to Immediate task demands. This is consistent with the
finding that a high activity workload significantly increased planning task
errors. Pilots were obeying the prime directive taught every student pilot:
"First, fly the aircraft!” These statements and results are also consistent
with Tulga and Sheridan's (1980) finding that subjects don't plan ahead when
they're very busy.
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Finally, the pilots mentioned four items which increased their mental stress
and workload. One was the "annoyance” factor caused by having too many
things to do or by being interrupted before completing a task. 7This type of
problem is common on final approach when the need to fly and/or monitor
equipment, clear for other aircraft, look for the runway, interact with A1C,
and run alrcraft checklists, combine to make the flight deck a busy,
stressful environment. A second item was the effect of "getting behind".
Again, this is most likely to occur when things get very busy. The stress
generated by a lengthening "mental queue”, combined with the possible need
to modify a former plan, increases the perceived workload. Similarly,
abnormal events significantly increase workload, disrupt concentration, and
increase the frustration level. These effects have been discussed in the
open literature. See, for example, Hart and Bortolussi (1983), Jensen and
Chappell (1983), and Tanaka, Buharali, and Sheridan (1983). The fourth item
concerned the effect of adding an increment of workload when the workload is
already high. As the pilot becomes task saturated, additional tasks must be
prioritized, added to a mental queue, or ignored. This increases stress,
frustrates the pilot, and increases his mental manipulations., These factors
result in lower performance, increased mental workload, and lower safety
margins.

IX. FINDINGS AND CONCLUSIONS

1. The number of assigned mental tasks had no statistically significant
impact on the degree of aircraft control. The level of manual workload was
the decisive factor. When mental tasking was high but manual tasking was at
a low level, altitude and airspeed deviations were small. When mental
tasking was low but manual tasking was high, altitude and airspeed
deviations were large. The level of mental activity affected aircraft
control only when mental workload reached "critical" levels.

2. Incremental subjective ratings were calculated relative to the ratings
for a Baseline scenario. The incremental rating for a high manual workload
scenario added to the incremental rating for a high mental workload scemario
was equal to the incremental rating for a scenario which combined both types
of workloads.

3. Subjective ratings given by individual pilots during the high manual
tasking scenario were very similar. However, there were individual
differences in the subjective ratings for the high mental tasking scenario.
Some pilots were not stressed by the mental tasks while others significantly
increased their subjective ratings. Subjective ratings were more sensitive
than aircraft deviation measures in indicating individual mental workloads.

4., At low or moderate levels of manual and mental task loads, ailrcraft
deviations and memory task performance did not correlate with the subjective
ratings. At high workload levels, the correlation was very good. It's
possible that at lower task loads, there is reserve mental capacity which
varies from pilot to pilot, affecting performance and ratings. At high
workload levels, all pilots may be tapping most or all of their mental

6.24



capacity, resulting in much greater .consistency between performance and the
subjective ratings.

5. The magnitude of manual task loads was decisive in determining the
ability of the pilots to handle mental tasks., A mentally difficult,
manually easy scenario resulted in a low percentage of mental errors. A
mentally easy, manually difficult scenario resulted in a high percentage of
mental errors. The manual activity was presumably consuming a great deal of
the pilots' mental processing capacity, even when they were not aware of

it. This finding was equally valid for long-term, medium—-term, and
short-term mental tasks. Thus, pilots flying a highly automated flight
control system might be able to more easily handle high mental workloads.

6. Under conditions of high manual and mental workload, the low experience
pilots did not perform mental tasks as well as the high experience piiots
did. However, objective aircraft performance and subjective ratings were
similar for the two groups. Thus, these experiments suggest that monitoring
and measuring mental performance might be a more sensitive indicator of
mental workload and reserve mental capacity than objective aircraft
performance data or subjective ratings.

X. RECOMMENDATIONS FOR FOLLOW-UP STUDIES

1. In future studies of this type or in a re-examination of this study, it
might be enlightening to "filter” the data by only considering altitude
deviations greater than + 50 or + 100 feet, or alrspeed errors greater than
+ 5 or + 10 knots. This might compensate for individual pilots' tolerance
boundaries.

2. Subjective Ratings should be used in future studies of mental workload.
They provide a useful, if imprecise, measure of the pilot's mental state.

3. The only significant difference found between the low experience and
high experience pilots was in their performance of mental planning tasks.
This should be further investigated in future studies.

XI. REFERENCES

1. Berg, S. L.; and Sheridan, T. B.. Measuring workload differences
between short-term memory and long-term memory scenarios in a
simulated flight environment. Proceedings of the twentieth annual
conference on manual control; 1984 June 12-14: 397~416.

2. Berg, S. L.; and Sheridan, T. B.. Effects of time span and task load on

pilot mental workload. Cambridge, Massachusetts: Massachusetts
Institute of Technology; 1985. Master's Thesis.

6.25



13.

14.

Hart, S. G.; Bortolussi, M. R.. Pillot errors as a source of workload.
Paper presented at the second symposium on aviation psychology;
1983 April 25-27; Columbus, Ohio.

Jensen, R. S.; Chappell, S.. Pilot performance and workload assessment:
an analysis of pilot errors. Report submitted to NASA Ames Research
Center in 1983 February.

Johannsen. G.. Workload and Workload Measurement. N. Moray, ed.
Mental workload; theory and measurement. New York: Plenum; 1979.

Kantowitz, B. H.; Hart, S. G.; Bortolussi, M. R.. Measuring pilot
workload in a motion-based simulator: asynchronous secondary
choice-~reaction task. Paper submitted to the IEEE Tramsactions on
Systems, Man, and Cybernetics. 1983.

Katz, J. G.. Pilot workload in the air transport environment:
measurement, theory, and the influence of Air Traffic Control.
Massachusetts Institute of Technology Flight Transportation
Laboratory. FTL Report R80-3. 1980 May.

Leplat, J.. Factors determining workload. ZErgonomics. 21: 143-149;
1978.

Miller, G. A.. The magical number seven, plus or minus two: some
limits on our capacity for processing information. Psychological
Review. 63: 81-97; 1956.

Rehmann, J. T.; Stein, E. S.; Rosenberg, B, L.. Subjective pilot
workload assessment. Human Factors. 25(3): 297-307; 1983,

Sheridan, T. B.; Simpson, R. W.. Toward the definition and measurement
of the mental workload of transport pilots. Massachusetts Institute
of Technology Flight Transportation and Man-Machine Laboratories,
Technical Report No. DOT-08-70055. 1979 January.

Tanaka, K.; Buharali, A.; Sheridan, T. B.. Mental workload in
supervisory control of automated aircraft. Proceedings of the
nineteenth annual conference on manual control; 1983 May 23-2Z5: 40-58.

Tulga, M. K.; Sheridan, T. B.. Dynamic decisions and workload in
multitask supervisory control. IEEE Transactions on Systems, Man,
and Cybernetics. SMC-10 (No. 5): 217-232; 1980.

Walden, R. S.; Rouse, W. B.. A queueing model of pilot decision making
in a multi-task flight management situation. IEEE Transactions on
Systems, Man, and Cybernetics. SMC~8 (No. 12): 867-875; 1978.

Williges, R. C.; Wierwille, W. W.. Behavioral measures of aircrew
mental workload. Human Factors. 21(5): 549-574; 1979.

6.26



N86-32983

Memory and Subjective Workload Assessment

Lowell Staveland - San Jose State University Foundation, San Jose, CA
Sandra Hart - NASA-Ames Research Center, Moffett Field, CA
Yei-Yu Yeh - University of Illinois, Urbana-Champagne, ILL

Abstract

Recent research suggested subjective introspection of workload is not based
upon specific retrieval of information from long-term memory, and only
reflects the average workload that is imposed upon the human operator by a
particular task. These findings are based upon global ratings of workload for
the overall task, suggesting that subjective ratings are limited in ability to
retrieve specific details of a task from long-term memory. To clarify the
limits memory imposes on subjective workload assessment, the difficulty of
task segments was varied and the workload of specified segments was
retrospectively rated. The ratings were retrospectively collected on the
manipulations of three levels of segment diffjculty. Subjects were assigned to
one of two memory groups. In the Before group, subjects knew before performing
a block of trials which segment to rate. In the After group, subjects did not
know which segment to rate until after performing the block of trials. The
subjective ratings, RTs, and MTs were compared for within group, and between
group differences. Performance measures and subjective evaluations of workload
reflected the experimental manipulations. Subjects were sensitive to different
difficulty 1levels, and recalled the average workload of task components.
Cueing did not appear to help recall, and memory group differences possibly
reflected variations in the groups of subjects, or an additional memory task.

Introduction

Much attention is being focused on the utility of subjective evaluations
to measure mental workload and human performance. The potential for subjective
ratings to reflect a human operators sensitivity to varying task demands, has
been validated in several experiments (Yeh, Wickens & Hart 1985; Hart,
Sellers, & Guthart, 1984; Arbak, Shew, & Simons 1984). These findings,
however, are based on global ratings of workload for a group of similar tasks,
or segments of a continuously changing task (Bortolussi, Kantowitz, Hart,
1985), which measure the overall loading on cognitive processes, irregardless
of when they were obtained. Global ratings obtained while performing a task
are highly correlated with the global ratings obtained retrospectively
(Bortolussi et al, 1985), even though they may not reflect moment-to-moment
variations in cognitive loads that operators experience while performing a
task. Yeh et al, (1984) found that "...subjective introspection of workload
is not based on specific retrieval of information from working memory and only
reflects the average workload imposed on human operators by a particular
task".

The tasks selected for their study were based on the 'Fittsberg' paradigm
(Hartzell et al) which was originally based on the serial combination of FITTS
target aquisition tasks following selection among the alternative locations
based on a STERNberg memory search decision. For this application, two
response selection tasks were used: pattern match and arithmetic equations.
For each response selection task and target aquisition task, three levels of
difficulty were imposed. Difficulty levels of the two task components were
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consistent within a block of trials, and either both were increased or
decreased 1in difficulty, or the difficulty of one component was increased
while the other decreased. Measures of performance independently reflected
task difficulty manipulations within trial blocks; RT varied with RS difficul-
ty, whereas MT varied with RE difficulty. Workload ratings accurately reflect-
ed the integrated workload of all tasks within a block, displaying no
primacy/recency effect, or greater influence by one task component than
another. Since ratings were consistently equal to the average workload of a
blck of trials, the question remained whether subjects were simply insensitive
to task manipulations, or in fact accomplished the summary evaluation that was
required by the design of the experiment. In either case, it was not clear
whether subjects would have been able to provide more selective evaluations of
trial block segments had they been required to do so. Such global ratings are
fine where the goal is to evaluate differences between tasks (e.g. comparing
the difficulty of one flight to another). In many circumstances though, the
difficulty of specific segments within a flight need to be evaluated. In this
case global ratings do not suffice. More detailed evaluations are required to
reflect the varying difficulty levels experienced by operators during a
flight.

Previous research suggested that delaying retrospective evaluations of task
segments does not significantly alter the relationships among reflective
ratings, even though the absolute values might be somewhat different
(Eggemeier, Melville, & Crabtree 1984; Notestine 1984). Even interevening task
performance does not significantly effect workload ratings (Eggemeier, et al
1984). These results have direct implications for this study, considering
subjects had to reflectively rate different segments of a task after a block
of segments. If a subject is asked to rate the first segment out of three in a
block of trials, the intervening segments should not significantly effect
their retrospective rating. This means the workload ratings obtained in this
study should reflect specific retrieval of a particular segment from long-term
memory, independent of the other segments influence on ratings. Delays in
rating the first or second segments while performing the second or third
segments also should not influence subjective experience of workload. This
rules out delay as a confounding variable, and increases the confidence in the
obtained ratings as being indicative of an operators workload and cognitive
loading for a particular segment.

The current study addressed the limits memory imposed on subjective
ratings. Subjects were divided into two memory groups: Before and After.
Subjects in the Before group knew in advance the segment-to-be-rated. Subjects
in the After group did not know in advance the segment-to-be-rated, they were
told after completing the block of trials which segment to rate. The  purpose
was to elicit answers to the following questions: (1) How sensitive are
subjects to task component manipulations? (2) 1Is the information about
different segments in a task available retrospectively? Or is the average
workload all that can be recalled (3) Does knowing in advance the segment-to-
be-rated aid recall? And (4) Do all task components contribute equally to
workload? This experiment follows up Yehs findings that subjective ratings are
limited in their capacity to retrieve specific details from working memory.

The task selected for this experiment was based on a version of the
Fittsberg paradigm used by Yeh et al (1985), and Hartzell et al, (1983). It
involved two components: response selection and response execution. The
response selection component was based on completing arithmetic equations. As
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the equations complexity increased from one operator to three, difficulty
increased as well. The response execution component was &a target acquisition
task based on Fitts law (Fitts & Petersen, 1964). Its difficulty was
manipulated by wvarying the targets index of difficulty (ID). The two
components were combined to form three categories: Consistent: The RS/RE
components had a consistent difficulty level across the three segments within
a conditon; (2) Changing-consistent: RS/RE components difficulty levels were
positively correlated, either increasing or decreasing in difficulty from
segment to segment within a condition; and (3) Changing-inconsistent: RS/RE
components difficulty levels were negatively correlated (the RS component
increased while the RE component decreased, or vice-versa). Cognitive loading
was expected to vary as a function of the response selection component,
whereas response execution would influence MTs. Workload ratings were expected
to vary as a joint function of the difficulty levels of both components within
each trial-block segment.

Method

Sub jects

Eighteen male and two female subjects served as paid volunteers. None had
any prior experience with Fitts tasks, but all had served as subjects in other
experiments at NASA-Ames Research Center. Thus, most had experience with the
use of the bipolar rating scales. All subjects had competent arithmetic
skills.

Apparatus

The experiment was conducted in a sound-attenuated chamber. The subject
was seated in a chair located 85 c¢m from a 23-cm monitor where all
experimental tasks were displayed. The visual angle subtended by the most
extreme targets was 11 deg. A two-axis joystick was mounted on the right arm
of the chair for response selection and target aquisition responses.
Subjective ratings were entered with a slide pot and button mounted on the
left arm of the chair. The experiment, data acquisition, and reduction were
performed with an Apple II+ microcomputer, modified to allow rapid recording
of response (10 msec resolution). The data were analyzed with a Dec 11/70, and
a Vax 11/750.

Task Components

Each task had two components: response selection and response execution.
The outcome of the response selection task served as input to the response
execution task. Thus, the two task components could be performed serially and
were functionally related. There were three levels of difficulty for each
component: easy (E), medium (M), and hard (H). The two components were
combined to form seven conditions: EE, MM, HH, 1II, DD, 1ID, DI. The first
letter of each pair represents the response selection component, and the
second letter for the respomse execution component. 'I' indicates that the
difficulty of that component was increased from the beginning to the end of
that trial block; 'D' indicates that it decreased.

Response Selection The solution to an equation performed mentally
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determined the direction of movement. Each equation involved one, two or three
mathematical operations which determined the level of difficulty. The easy
condition required cne operation, (e.g. 2+3.), medium required two (e.g.
3%2/1), and hard required three (e.g. (4-1)*3)., The solutions were always
whole numbers, either greater or less than a single digit memory set presented
prior to each block of trials. These were similar to three of the RS tasks
employed in the previous study (Yeh et al, 1985). Subjects were told to move
the joystick right if the solution was greater than the remembered digit ( 7,
8 or 9 ), or left if it was less. The interval between stimulus onset and a
2% joystick deflection was recorded as reaction time ( RT ).

Response execution. The response execution component was a target
aquisition task. Two identical target areas were displayed symmetrically on
either side of the stimulus at a distance determined by the index of
difficulty computed according to Fitts law (ID=10g2(2A/W)). The targets were
two 1.25 c¢cm lines separated by a distance appropriate for the ID of that
condition. The same ID levels used in earlier studies were selected for the
three levels of difficulty: Easy = 2.52, Medium = 4.19, and Hard = 5.67. The
interval between a 2% joystick deflection and satisfaction of the steadiness
criterion for keeping the cursor within the target, was recorded as movement
time (MT).

Condition Characteristics

Each of the seven experimental blocks of trials (EE, MM, HH, II, DD, ID,
DI) were divided into three equal segments of twelve trials each. The eight
equations within a segment had the same difficulty level as the eight IDs,
but the difficulty levels from one segment to the next depended on the
condition. For EE, MM, and HH conditions, all three segments within a block
had the same response selection and target aquisition difficulty levels
(consistent). For two other conditions (changing-consistent), the difficulty
of both components either increased (I1) or decreased (DD). For the last two
conditions, (changing-inconsistent), the difficulty of the two components,
(ID, and DI), changed in opposite directions. The six equations that
transitioned between segments were randomly mixed so that the divisions
between segments was less evident. Capture time (RT+MT), was the total
response time for each trial, averaged across all trials, and was presented as
feedback at the end of each condition along with the number of correct
responses.

Subjective Ratings

Two types of ratings were collected in this study:

(1) 1Individual differences in definition. The relative importance of nine
factors to each subject's definition of mental workload was determined. These
nine factors were: task difficulty, time pressure, own performance, physical
effort, mental effort, frustration, stress, fatigue, and activity type (Yeh et
al, 1985). Each factor was paired with every other factor (36 pairs) in a
pretest. Subjects, selected the member of each pair that was most related to
their definition of workload. Each factor could be selected from 0 (never
considered relevant) to 8 (more important than any other factor) times. The
number of times a factor was selected was its weight.
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(2) Bipolar ratings. Ratings on nine bipolar rating scales plus an
overall workload scale were collected at the end of each condition., Each scale
was presented on the experimental display as an 11 cm vertical line with a
title ( e.g., "OVERALL WORKLOAD ) and bipolar descriptions at each end ( e.g.,
"EXTREMELY BRIGH/EXTREMELY LOW" ). The cursor was positioned at the desired
point on the scale with a slide pot, and entered with a button. Each selection
was assigned a value from 1 to 100 during data reduction.

Procedure

Each subject participated in the experiment two hrs per day, for three
days. The first day, and the first 30 min on subsequent days were used for
practice.

The subjects read a brief explanation of the experiment to familiarize
themselves with the objectives and experimental tasks. After the workload
weights were collected, the subjects practiced the target aquisition task: 20
blocks of 24 trials each.The basic response execution task entailed acquiring
a target displayed on either the right or left side of the display; there was
no response selection task. Following this, they performed the three
difficulty levels of the response execution task (E,M,H), the response
selection task (E,M,H): no targets were displayed, and the combined tasks
(E,M,H). The response selection task entailed solving an equation, and moving
the joystick right if the solution was greater than the remembered digit, or
left if the solution was less. The practice trials at the beginning of each
subsequent day were combined tasks involving changing-consistent (II,DD), and
changing-inconsistent (ID,DI) conditioms.

Each of the seven conditions were presented three times, so subjects could
rate the workload of the first twelve trials after one block, the second
twelve trials after another, and the third twelve after the third block.
Subjects in the before group were told the segment-to-be-rated before
performing each block of 36 trials. Subjects in the after group were told the
segment-to-be-rated after performing each block of 36 trials. A total of 21
experimental conditons were rated. The segments-to-be-rated were presented to
each subject in counterbalanced order, and the seven different conditions
were presented in random order,

Results

General Comparison of Memory Groups Figure la. RT-Before vs After for
all conditions.
ANOVAs of mean RTs and MTs, percent ALL CONDITIONS
correct, and bipolar ratings were col- BT
lected for each of the three segments
for the seven conditions in the three
categories: consistent, changing-con-
sistent, and changing-inconsistent. As
shown in Figure la, the RTs for the
Before group were less than for the RTs 20
of the After group. RTs reflected the =
response selection difficulty, and were : TBEFORE AFTER
not affected by response execution MEMORY SRoP
difficulty. MTs for the Before group
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were greater than the After group, and
reflected response execution difficul-
ty, but did not reflect response selec- Figure 1b. MT-Before vs After for
tion difficulty (Figure 1b). The MT, all conditions.

and RT results were consistent across ALL CONDITIONS

all conditions for both experiments. 200
RTs were always greater than MTs. The )
average levels of workload ratings were
similar for the two groups. However,
differences in response to experimental
manipulations were observed.

S ECONDS
-
o
o
1

Percent Correct

BEFORE kAFTER
There were no significant speed- MEMORY GROUP

accuracy trade-offs. 1In the consistent Figure 2a. Capture time~RT vs MT for

condition, there was a trend for both consistent conditions.

speed and accuracy to decrease, as the BORS/RE DIFFICULY CONSISTENT

difficulty increased from conditions e
'"EE' to 'MM' to 'HH'. For the changing- 07
consistent, and changing-inconsistent | :jz N
conditions, this trend is not apparent z o] C)ar
between conditions, or between seg- o T =R
ments. Overall, the subjects were high- |, *07]
ly accurate across all conditions and e
segments, F(1,9) = 534,03, p<.001. ]

EE HK HH
CONDITION

RTs and MTs.

Figure 2b. RT-Before vs After for
The ANOVA results for the Before consistent conditions.

and After groups are presented in Fig- AS/ME DIFFICULTY CONSISTENT

ures 2a-2c¢, 3a-3c, and 4a-4c. o0

Consistent. RTs and MTs reflected the | £-097 {—

relevant RS or RE difficulty manipula- [ ] v
tions, (Figure 2a) . The Before RTs |, 4007 O
were less than the After (F(1,486) = |

27.95, p<.001) (Figure 2b). The Before 200

MTs were greater than After (F(1,486) = 1 4J§{]

35.52, p<.001), (Figure 2c). 0.00 3 o P

CONDITION

Before group. RT increased as the Figure 2c. MT-Before vs After fo
math equations increased in complexity consistent conditions.
(EE to MM to HH) (F(Z,IS) = 32.1, AS/AE DIFFICULTY CONSISTENT
p<.001), reflecting an increase in *ee
cognitive loading. MTs also reflected
these results, increasing in duration
as RE difficulty increased from (EE to
MM to HH) (F(2,18) = 68.51, p<.001).
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After group. The results followed
the same pattern as the Before group.
RTs increased as RS difficulty in onDTTION
creased across the three conditions
(EE,MM,HH) (F(2,18) = 87.88, p<.001).
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MTs increased as RE difficulty in-
creased (F(2,18) = 28.67, p<.001).

Changing-consistent. As the RS/RE com-
ponents increased in difficulty in the
'"II' condition, and decreased in the
'DD' condition, RTs and MTs reflected

the changing difficulty levels (Figure
3a). Before RTs were less than After
RTs (F(1,324) = 22.32, p<.001), (Figure
3b), while their MTs were greater
(F(1,324) = 25.87, p<.001), (Figure
3c).

Before groups. For this group,
there was a significant interaction
between conditions (II,DD) and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>